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We study the multiplicity distributions of events with hard jets in proton-proton collisions at LHC
energies using PYTHIA 8 Monte-Carlo simulations. We demonstrate that the charged-hadron multiplicity
distributions scale with jet momentum. This suggests that the Koba–Nielsen–Olesen (KNO) scaling holds
within a jet. The in-jet scaling is fulfilled without multiple-parton interactions (MPI), but breaks down in
case MPI is present without color reconnection. Our findings imply that KNO scaling is violated by parton
shower or multiple-parton interactions in higher-energy collisions.
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I. INTRODUCTION

Final-state multiplicities in high-energy collisions are
known to follow a negative binomial distribution (NBD)
[1]. It has been demonstrated by Koba, Nielsen and Olesen
that multiplicity distributions at different collision energiesffiffiffi
s

p
collapse to a single distribution using a simple scaling

(the KNO scaling) [2,3]. It was later found, however, that
the KNO scaling breaks down at higher

ffiffiffi
s

p
[4,5]. While

several explanations have been proposed [6–9], a complete
understanding of the origin of the scaling and its violation
is missing up to this day [10,11]. At higher center-of-mass
energies, where the average final-state multiplicity is
higher, semi-hard vacuum-QCD effects such as multiple-
parton interactions (MPI) play a non-negligible role. It has
been assumed in multiple works that scaling violation may
be caused by these effects. A scenario based on the Lund
string model [12,13] proposes that overlapping color
strings break the scaling, while another work argues that
underlying-event activity linked to MPI with color recon-
nection (CR) is responsible for the violation of the scaling
[14]. Earlier works propose that the KNO scaling may be a
property of the jet itself [15]. At lower collision energies,
since events with jets typically have very little background,
collision energy can be directly linked to average jet-
momentum (pjet

T ). This suggests that pjet
T may be a more

fundamental scaling variable, and the violation may be

explained by the breaking-down of the connection of
ffiffiffi
s

p
to

the average pjet
T toward higher energies as well as more

complex colliding systems (such as p–A systems examined
in Ref. [16]).
Recently, jet structures in high-energy pp collisions have

been found to exhibit a multiplicity-dependent character-
istic size, largely independently of the event generator
settings and fragmentation functions [17,18], that can be
explained by scaling properties of the radial jet profiles
with multiplicity in any given pjet

T window [19]. These two
scaling properties may be a result of the same statistical
processes that govern jet fragmentation [20], such as
temperature fluctuations as outlined in Refs. [21,22].
In the followings we utilize full event simulations to

examine the question whether KNO scaling is restored if a
single jet is considered. The results below can help in
understanding the origin of KNO scaling and find the
mechanism responsible for its violation.

II. ANALYSIS METHOD

Events with high-momentum jets were simulated follow-
ing the procedure described in previous works [17,19]. We
used a four samples of 5 million proton-proton collisions atffiffiffi
s

p ¼ 7 TeV collision energy, obtained using PYTHIA8 [23]
with the Monash tune [24]. In the four samples, the
minimum momentum transfer of the leading hard scatter-
ing, cpT, was restricted to remain above 5, 20, 40 and
80 GeV=c respectively, to enhance statistics. Identified
pions, kaons and (anti)protons with a lower momentum
threshold pT > 150 MeV=c were considered as charged
hadrons in this analysis. We reconstructed jets using the
anti-kT clustering algorithm [25] with a resolution param-
eter R ¼ 0.7 in the mid-rapidity range jηj < 1. Jets were
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reconstructed in 20 pjet
T windows from 15 up to 400 GeV=c

from one of the four datasets the cpT chosen so that statistics
is maximized without biasing the sample [17]. Simulations
were repeated with different settings, where MPI or CR
were turned off. (Note that CR is part of the MPI
framework, therefore no MPI means no CR either.)

PYTHIA is extensively tuned to describe the fundamental
physical observables of the leading hard process as well as
the underlying event, and it is known to reproduce final-
state multiplicities well [26,27]. Since final-state multi-
plicities in data containing hard processes are dominated
by the multiplicities within the jets, we parametrize the
behavior with event multiplicity in this study. We examine
the scaling of the multiplicity with respect to pjet

T to
understand whether, and to what extent, the scaling
behavior can be observed. We have also repeated our
studies using simulations with tune-4C [28] as well as the
MonashStar [29] tunes, and the kT [30,31] and the
Cambridge–Aachen jet clustering algorithms [32,33] to
rule out the possibility that our findings are a peculiarity of
the jet definition, given sets of simulation settings or parton
distribution functions.

III. RESULTS

Figure 1 (left) shows the mean event multiplicities and
their root mean square (RMS) in function of pjet

T for the
physical settings as well as when either MPI or CR is turned
off. As expected, an increase can be observed toward higher
pjet
T . Using this mean, the different distributions can be

collapsed onto each other. This is demonstrated on Fig. 1

(right), together with a negative binomial distribution
(NBD) fit on all the points in the form

PN ¼ ΓðNkþ aÞ
ΓðaÞΓðNkþ 1Þp

Nkð1 − pÞa; ð1Þ

where a, k and p are parameters related to the mean and
dispersion of the distribution of the multiplicity N. The fits
to the NBD curve are statistically good (χ2=NDF < 8 in
each case), suggesting that a KNO-like scaling of the
multiplicities with pjet

T instead of
ffiffiffi
s

p
may be valid in pp

collisions at LHC energies. In order to mitigate the effect
of fluctuations and quantify this above statement, however,
it is useful to have a look at higher moments of the
distribution.
The moment of the qth order of the multiplicity

distributions in a given pjet
T window can be defined as

hNqi ¼
X∞

N¼1

PNNq ð2Þ

where N is the charged-hadron event multiplicity and PN is
the probability distribution of the multiplicity. In case the
scaling is fulfilled and the mean scales with a factor λ, it is
expected that the qth moment scales with λq, that is,

hNqðpjet
T Þi ¼ λqðpjet

T ÞhNqðp0Þi ð3Þ

where p0 is chosen so that λðp0Þ ¼ 1, and the λqðpjet
T Þ

function otherwise follows the shape shown in Fig. 1 (left).
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FIG. 1. Left: means of the multiplicity distributions, together with their RMS indicated as boxes, in function of pjet
T for the Monash

physical settings as well as for the scenarios without CR and MPI. Right: simulated multiplicity distributions in all pjet
T windows scaled

by their means, with an NBD fit.
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Figure 2 shows the values of each of the qth moment up
to q ¼ 9 in function of the mean, divided by their order, on
a log–log scale. In case Eq. (3) is fulfilled, a linear fit with
unity slope should describe each moment. While we are
going to quantify it later, it is apparent from the figure that a
linear description is generally adequate for all the moments
in the whole pjet

T range.

In order to understand the role of multiple-parton
interactions with color reconnection in the emerging scal-
ing, we repeat the above procedure with either CR or MPI
turned off. The left panel of Fig. 3 shows the results from
simulations without CR, while the right panel presents
results when MPI is turned off as well. It is immediately
apparent that the scaling is not fulfilled if the CR is off, as
the slopes differ from moment to moment (the lines are not
parallel). However, the scaling is restored if also the MPI is
turned off.
The above observations are quantified in Fig. 4. Its left

panel shows the goodness of the fits (χ2=NDF) for the
physical simulation settings as well as for the scenario
without MPI and without CR. The values are generally
small, slowly increasing with the order of the momentum q,
demonstrating that the Nq assumption is statistically
acceptable in all three cases. The fits are slightly better
in the physical case than with the other two settings.
The slopes of the linear fits are shown in the right panel of
Fig. 4. In the physical case all the moments are consistent
with unity within 1%, mostly within the range of the fit
uncertainties. In the no-CR case, the discrepancy is as large
as 15% for higher moments. In the no-MPI case, the scaling
is fulfilled with the accuracy of 2%.
While basic event multiplicity distributions are not

reproduced without MPI, individual events without MPI
can be considered as physical events that are preselected so
that no multiple-parton interactions occur. The develop-
ment of color strings during the partonic processes is an
inherent part of QCD. In PYTHIA 8, however, color flow is
handled in a simplified manner, except for the hardest MPI,
and CR is applied in a following step [34]. Final states of
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FIG. 2. The first nine moments of PYTHIA 8 multiplicity
distributions in function of the average multiplicity correspond-
ing to each pjet

T window, normalized with their order q on a log–
log scale with linear fits.
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FIG. 3. The first nine moments of PYTHIA 8 multiplicity distributions without CR (left) and without MPI (right), normalized with their
order q, in function of the average multiplicity corresponding to each pjet

T window, on a log–log scale with linear fits.
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events without CR are therefore not realistic. This explains
why the scaling observed in physical events holds up in a
no-MPI scenario, but breaks down when the MPI is present
but CR is turned off.

IV. CONCLUSIONS

We carried out a study of the multiplicity distributions
of events with hard jets in proton-proton collisions at the
LHC energy of

ffiffiffi
s

p ¼ 7 TeV using PYTHIA 8 Monte Carlo
simulations. We demonstrated that the charged-hadron
multiplicity distributions scale with the momentum of
the jets. We also found that the scaling is held up in events

without multiple-parton interactions (MPI), but breaks
down in case MPI is present but color reconnection (CR)
is turned off. Considering that the multiplicity-scaling
within a jet is retained both in the no-MPI case and in
the physical case (with MPI including CR), it is straight-
forward to assume that the KNO scaling is violated when
the one-to-one connection is broken by complex QCD
processes outside the jet development, such as single and
double parton scatterings linking different hard processes
within one event, as well as softer MPI with the beam
remnants, similarly to the scenario proposed in Ref. [14],
or in the parton shower by overlapping color strings as
suggested in Ref. [13]. Scaling of the jet radial profiles with
event multiplicity is retained in the case where CR is off
[17,19]. Therefore we conclude that the two scaling
behaviors are not directly linked. While PYTHIA 8 describes
event multiplicity distributions well and therefore we
expect our findings to hold in real data, cross-checks with
LHC measurements would rule out any dependency on the
chosen model components. Requiring the scaling behavior
of multiplicity with jet momentum can then serve as an
important element in the development of new models.
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