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Abstract The study delves into the production of (multi-)
strange hadrons in proton-proton collisions at LHC. Novel
observables are proposed to distinguish between Epos4,
based on core-corona separation between a thermalised QGP
phase and a vacuum phase with global strangeness conser-
vation, and Pythia 8.3, based on microscopic interactions
between Lund strings that conserve strangeness locally. Cor-
relations between a φ meson and (multi-)strange hadrons are
shown to be an excellent discriminator between the two types
of models.

1 Introduction

Hadronisation is the complex process of the formation of
hadrons from partons. Due to its non-perturbative nature, no
exact theory exists and one has to rely on phenomenolog-
ical assumptions to describe it. Historically, hadronisation
has been treated differently at different density regimes and
a good proxy for density is the multiplicity of produced par-
ticles. At low multiplicity the produced particles are few, the
system is dilute (vacuum like), while at high multiplicity the
system produced is dense. The most dense environment can
be reached in collisions of heavy nuclei (AA).

Enhanced production of (multi-) strange hadrons with
respect to the e+e− baseline is observed when more parti-
cles are produced in the system, as measured by the particle
density at mid-rapidity. This feature is assumed to be a signal
of Quark–Gluon Plasma (QGP) production [1–3]. In proton-
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proton (pp) collisions, the general assumption has historically
been that temperature and density is too low for a QGP to
form. However, at the LHC it was found that small system
collisions exhibit several of the same characteristics as col-
lisions of ions [4–8]. In particular, the seminal measurement
by the ALICE collaboration revealed that the strangeness
production is enhanced as a function of event multiplicity,
smoothly connecting the smallest multiplicities in pp, with
only a single gluon exchange, and the most central AA col-
lisions [7,9]. Considering e.g. the Bjorken formula [10], the
energy density in high-energy pp collisions is similar to that
of central Pb–Pb collisions, when the multiplicity of charged
particles is approximately 100 at mid-rapidity [11], due to the
produced system being much smaller. Therefore, it is possi-
ble to form QGP even in small systems, if its formation is
only a matter of reaching a critical energy density.

Nevertheless, two very different models have performed
well in reproducing the increase of strangeness (see Supple-
mental Material [12]). Core-corona models [13] where the
basic assumption is that droplets of QGP can form down to
the smallest collision systems, and models of microscopic
interactions of strings [14–16] or clusters [17] where frag-
mentation dynamics is modified by the presence of other
strings or clusters, but no QGP is formed. In the case of
microscopic string fragmentation, the energy is all present
in the form of momentum of the outgoing partons [18]. This
means that it is not available for QGP formation and the
above argument regarding energy density in small systems is
invalid. In this paper we will focus on the Epos4 [19] imple-
mentation of the core-corona model and the Pythia 8.3
[20] implementation of microscopic interactions, the rope-
hadronisation model [21].

The current state of affairs, where the two types of models
with qualitatively different hadronisation mechanisms and
assumptions of QGP formation can explain the same signal,
is unsatisfying. The key question is if there are observables
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Fig. 1 Lightcone diagram sketch of the considered hadronisation
approaches, highlighting the main differences. The Lund string (left)
conserves strangeness in individual string breaks. Hadrons are formed
around a hyperbola in space-time. The core-corona (right) mixes a
corona (magenta) string, which does not conserve strangeness locally,
and a core QGP, which conserves strangeness globally over the full vol-
ume. As also indicated on the sketch, a QGP is much more long-lived
than the string, which decays rapidly to hadrons after

√〈τ 2〉 ≈ 1.4 fm

for which the two models give very different predictions, that
can be easily explained in terms of model differences. In this
paper, we will develop a series of observables which satisfy
these conditions based on the assumption that microscop-
ically interacting strings preserve the strangeness quantum
number locally (i.e. in each breaking of a string), while a
macroscopic model will necessarily only preserve it glob-
ally or in some volume of created QGP, see Fig. 1.

2 Two mechanisms for strangeness conservation

The core-corona model [13] underlies hadronisation in the
Epos4 event generator [19]. In Epos4, multiple scatter-
ings hadronise, leading to the formation of prehadrons. Pre-
hadrons close to the surface or escaping the bulk with a large
transverse momentum (p⊥) will be treated as corona, i.e. as
in vacuum. The corona part hadronises using a string model.
The Epos4 string does not break as an iterative cascade,
where hadrons share break-up quarks. If the density of pre-
hadrons is high, as e.g. high multiplicity pp or AA collisions,
they will be treated as core that thermalises and expands col-
lectively, using a hydrodynamic treatment. For this study, the
important part of the core evolution is the flavour assignment,
which for small systems is performed using a microcanon-
ical approach. In this approach, a volume V with energy E
and net flavour content Q = (nu − nū, nd − nd̄ , ns − ns̄),
decays into a configuration {h1, ..., hn} of hadrons given by

the microcanonical partition function [22,23]:

�({h1, . . . , hn}) = V n

(2π)3n

n∏

i=1

gi
∏

α∈S

1

nα!

×
∫ n∏

i=1

d3 piδ
(
E −

∑
εi

)

× δ
(∑

�pi
)

δQ,
∑

qi , (1)

where εi =
√
m2

i − p2
i is the energy, �pi the 3-momentum,

nα the number of particles of species α, S the set of particle
species considered, gi the degeneracy of particle i . The δ-
function at the end of the partition function ensures flavour
conservation, withqi being the flavour composition of hadron
i . The flavour conservation is over the full volume.

The Lund string model is the model underlying hadronisa-
tion in the Pythia 8.3 event generator [20]. Several recent
versions include the rope-hadronisation model [21,24–26]
relevant for this study. InPythia 8.3, multiple 2 → 2 parton–
parton scatterings radiate off additional quarks and gluons
in the parton shower, to finally be hadronised. A qq̄ pair
will have a string spanned between them, with gluons act-
ing as “kinks” on the string. One string hadronises to several
hadrons, the amount determined by the initial energy of the
qq̄ pair, and approximately one hadron is produced per unit
of rapidity per string. The hadron flavour is determined by
additional qq̄ pairs tunnelling out of the vacuum when the
string breaks (plus the flavour of the two additional end-point
quarks). In string breaks, strange quarks are suppressed with
respect to up or down by a factor:

ρ = exp

(
−π(m2

s − m2
u)

κ

)
, (2)

where ms and mu are the strange and light quark masses
respectively, and κ is the string tension, which has a numer-
ical value around 1 GeV/fm. In practice, due to uncertainty
about which value to use for quark masses, ρ is treated
as a free parameter, estimated in e+e− collisions at the Z
pole, i.e. a single string system. The current default value
is ρ = 0.217 [20]. When several strings overlap with each
other, junction topologies which carry an intrinsic baryon
number can be dynamically formed [27,28], and the effective
string tension κeff in the string breaks increases. Starting from
the value estimated in e+e−, the parameter ρ in Eq. 2 will
increase as the effective string tension increases [21], giving
rise to an enhancement of strange hadrons being formed in
high-density environments.

In pp collisions, most strings are aligned with the rapidity
axis of the laboratory system. The φ meson has a special
role, when it is produced requiring two ss̄ string breaks the
leftover (anti-)strange quarks must find their home in hadrons
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Fig. 2 When a φ meson is produced, it requires two neighbouring ss̄ string breaks. This means that the neighbouring (associated) hadrons will
include the leftover (anti-)strange quarks from the breakup

produced in neighbouring rank of the same string, i.e. close
in rapidity to the φ (see Fig. 2). This is a unique prediction
of the Lund string model. If the string degrees of freedom
would vanish, because they melt into a QGP, the structure
carrying the correlations in rapidity would not be observed.
The explanation given above, holds for a single string. In pp
collisions, many strings are produced in the same rapidity
interval, and therefore one cannot be certain that a given pair
of neighbouring particles are produced with string breaks in
common, even though they may share quark pairs. In balance
functions [29–31], this is handled by subtraction procedures.
Here, however, we are aiming at a method that allows us to
highlight directly the qualitative differences arising between
the models.

The main effect of applying a φ trigger will be the emer-
gence of different types of correlations among produced
hadrons. For the rope-hadronisation model, the effective
string tension used to produce particles of a given species
is studied with and without applying a φ trigger to test if the
rapidity regions are biased to have a larger string tension. In
Fig. 3 (left) results are shown for � (K 0

S , � and � yield to
similar results and are discussed in the Supplemental Mate-
rial [12]). In minimum bias results (magenta) no φ trigger has
been applied, in the inclusive sample (black) a φ is required
to be anywhere in the event within the selected acceptance
(|y| < 2.5). The three selections of |y| signifying that a φ

meson is required to be within that rapidity range from the
particle of interest. There is an enhancement in κe f f /κ as a
function of multiplicity irrespective of the presence of a φ,
without saturating at high multiplicities. Therefore, the pres-
ence of a φ is not indicative of a larger local string tension
than the one already indicated by the presence of a �.

The switching between core and corona mechanisms for
hadronisation in Epos4 involves both a measure of the local
density around the produced particle, as well as properties of
the particle itself, such as the p⊥ as a proxy for escape veloc-
ity. For the purpose of this study, it is important to understand
the relative weight between core and corona as a function of
event multiplicity, and if it is affected by the presence of a
φ meson trigger. In Fig. 3 (right) such a study is performed
for the core-corona model, as implemented in Epos4, to test
if a larger fraction of particles are produced from the core,

when the event multiplicity increases, and a rapidity window
around the φ meson is selected. The quantity of interest in
this case is the core fraction, defined as the amount of par-
ticles of a given species coming from the core, divided by
the total amount of that species in the event. As for the study
of the rope model, the presence of the φ does not enhance
the core fraction for the particle of interest, although in gen-
eral the strange baryons are produced more copiously in the
core. A noteworthy difference between the two models is
that the core fraction saturates at high multiplicities, where
the effective string tension does not.

The combined results of Fig. 3 confirm that the observ-
ables presented in the next section will not bias towards a
local enhanced string tension or core fraction, but are well
suited for studying particle correlations.

3 Results with final state particles

The results at hadron level will be now discussed. The sug-
gested observables to distinguish between the two types of
models are particle ratios in rapidity intervals (y) around
the triggered φ meson. The inclusive results (black) indicate
that the whole |y| < 2.5 is considered with the presence of aφ

meson in the event. In Fig. 4 ratios of (multi-)strange hadron
yields to pions are shown, as a function of charged-particle
multiplicity in the rapidity range, |y| < 2.5. The coloured
lines represent the different rapidity separations between the
φ meson and the strange hadron of interest, in red |y| < 0.1,
in green |y| < 0.5, and in blue |y| < 1.0. Pythia 8.3 is
shown with fully drawn lines, Epos4 with dashed lines.

In Fig. 4 (left) results for � are shown. As the core-
corona model is insensitive to local flavour conservation at
the level of string breaks, the Epos4 curves collapse into
one single curve. Pythia 8.3, on the other hand, observes
local flavour conservation at the level of string breaks, and a
marked enhancement is clearly seen moving from the inclu-
sive sample, and closer to the φ. As one would expect, the
effect quickly saturates – the curves for the three |y| selec-
tions are very close together – as hadrons are produced with
a separation of one unit of rapidity between them on average.
All curves, for both models, show some degree of saturation
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at high multiplicities, although this feature is much more
noticeable for Epos4. As shown in Fig. 3 the core fraction
itself saturates while the effective string tension does not.

The results for � are qualitatively similar to those pre-
sented in Fig. 4 (left) and are discussed in the Supplemental
Material [12] together with the results for �, characterised
by a di-quark followed by an additional s-quark production
mechanism implemented in Pythia 8.3 [32].

In Fig. 4 (right) results for K 0
S are shown. The K 0

S yields
with respect to pions are remarkably different in the two
models. The Pythia 8.3 curves decrease towards high mul-
tiplicities, opposite to what one would naively expect from
QGP strangeness enhancement and from what one observes
in the Minimum Bias figure contained in the Supplemental
Material [12]. The explanation lies in local conservation of
strangeness at the level of string breaks. At low multiplicity,
there are no baryon junctions. If the presence of a φ meson is
requested the additional strange quark will allow the produc-
tion of a K 0

S (see Fig. 2). In the extreme case of the lowest
multiplicity bin with just a few charged particles produced
per unit of rapidity, two of those charged particles are likely
to be pions from the φ decay. This means that it is much more
probable to have a K 0

S produced on each side of the φ, rather
than producing a heavily suppressed strange or multi-strange
baryon. The Epos4 curves are again almost collapsed to a
single curve, with a slight bend upwards at low multiplicities
that might be attributed to the extreme low multiplicity that
forces the presence of a handful of charged particles only, a φ

and a K 0
S in the event. Hadron to pion ratios as double ratios

are shown and discussed in the Supplemental Material [12].

4 Considerations and outlook

In conclusion, the seminal strangeness enhancement results
of the ALICE experiment started a whole new line of research
linking flavour enhancement in small and large systems. The
apparent ability of microscopic string based models and mod-
els based on QGP formation to both describe the data equally
well has spurred a large interest in finding observables which
can discriminate between the two types of models. In this
paper we have developed observables for which the under-
lying physics differences of the models are highlighted, and
that produce significantly different and measurable results
for strange-hadron production in events with a φ meson.

Two main observations were made. Firstly, Pythia 8.3
with ropes predicts a clear layering of the strange hadron to
pion ratios as a function of the charged particle multiplicity
which is not observed in Epos4. This is expected to orig-
inate from the Lund strings and rope-hadronisation model
that imply local conservation of strangeness. Secondly, the
K 0

S/π ratio is decreasing with multiplicity for Pythia 8.3
with ropes, remaining rather flat for Epos4. This is in dis-
agreement with the results both from data and models in the
case of MB K 0

S/π ratio, where no φ trigger is requested.
Both these observations will have to be tested in data.

Run 3 and 4 at LHC open the possibility for such measure-
ments which are statistics eager. Indeed, the amount of data
that will be collected will be one to two orders of magnitude
larger with respect to the amount of data collected in Run
1 and 2. Another improvement will come from the detec-
tor upgrades which will allow to reconstruct particle yields
at lower transverse momentum and with higher momentum
resolution. Innovative reconstruction algorithms will permit
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to directly track strange particles, due to vicinity of inner
trackers to the beam pipe. Thanks to these improvements it
will be possible to detach the different strange-hadron pro-
duction mechanisms in vacuum and dense environments.
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