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Abstract. Measurements of charged-particle production in pp and p–Pb col-
lisions at

√
sNN = 5.02 TeV in the toward, away and transverse regions are

discussed. These three regions are defined event by event relative to the track
with the largest transverse momentum (ptrig

T ). The transverse region is sensi-
tive to the underlying event (UE), but it also includes contributions from initial-
and final-state radiation (ISR-FSR). Therefore, it is further subdivided in two
regions, defined according to their relative multiplicities: trans-max (the sub-
transverse region with the larger multiplicity) and trans-min (the sub-transverse
region with the smaller multiplicity) regions which have an enhanced sensitivity
to ISR-FSR and UE, respectively. KNO-like scaling properties are explored in
the three defined regions. Finally, the relationship between ptrig

T and the energy
detected in a region close to beam rapidity (very forward energy) is reported.

1 Introduction

In models incorporating multi-parton interactions (MPI), particles produced in the hard scat-
tering (jet) are accompanied by particles from additional parton-parton interactions, as well
as from the proton break-up [1]. This component of the collision makes up the underlying
event (UE). The traditional UE analysis focuses on the study of particles in three topological
regions depending on their azimuthal angle relative to the leading particle (|∆φ| = |φ − φtrig|),
which is the one with the highest transverse momentum in the event (ptrig

T or pleading
T ) at mid-

pseudorapidity (|η| < 0.8). The toward region (|∆φ| < π/3 rad) contains the primary jet and
UE, while the away region (|∆φ| > 2π/3 rad) contains the fragments of the recoil jet and UE.
In contrast, the transverse region (π/3 rad < |∆φ| < 2π/3 rad) is dominated by the UE dynam-
ics, but it also includes contributions from initial- and final-state radiation (ISR-FSR) [2, 3].
A study based on Monte Carlo (MC) simulations shows that at the LHC energies the multi-
plicity distributions in the transverse region obey a Koba-Nielsen-Olesen (KNO) scaling [4].
In this contribution, the transverse region is further subdivided into trans-max and trans-min,
defined according to their relative multiplicities, in order to increase the sensitivity to ISR-
FSR and UE effects, respectively. Measurements of multiplicity distributions in the trans-min
region at different centre-of-mass energy allows for the study of the role of MPI to produce
such scaling properties.

Another way to characterise the event is to look into a region in the very forward pseu-
dorapidity (|η| > 8.8) using the ALICE zero degree calorimeters (ZDC), which measure the
beam remnants. Moreover, the relationship between the very forward energy and ptrig

T is
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complementary to the UE measurements, and provides direct insights into the initial stages
and the subsequent evolution of the collision. In this contribution, a set of new measurements
aimed at understanding the role of MPI in hadronic interactions at the LHC is presented [5, 6].
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Figure 1: Multiplicity density as a function of ptrig
T measured in pp (left) and p–Pb (right)

collisions at
√

sNN = 5.02 TeV. Results for the toward, transverse, and away regions are
displayed. The shaded boxes and the error bars represent the systematic and statistical uncer-
tainties, respectively.

2 Results and discussion

Figure 1 shows the charged-hadron multiplicity density as a function of ptrig
T measured in pp

and p–Pb collisions at
√

sNN = 5.02 TeV. Results are presented for the toward, away and
transverse regions. For both systems, the distributions behave in the same way. At low ptrig

T

(< 5 GeV/c), the multiplicity densities rapidly increase with ptrig
T for those three topological

regions, while at higher ptrig
T (> 5 GeV/c), they still increase but less steeply in the toward

and away regions, whereas in the transverse region they tend to saturate. This saturation is
expected in models including an impact parameter dependence such that the requirement of
the presence of a high-pT particle in a pp collision biases the selection of collisions towards
those with a smaller impact parameter [7]. Moreover, the increase observed in the toward and
away regions at high pT is due to the contributions from jets as well as ISR and FSR. The UE
contributions to the toward and away regions are larger in p–Pb than in pp collisions.

Figure 2 shows the comparison between the multiplicity density in the transverse re-
gion [8] and the self-normalised neutral ZDC energy (ZN) as a function of pleading

T (at mid-
pseudorapidity) in pp collisions at

√
s = 13 TeV. The very forward energy reaches its min-

imum value at pleading
T ≈ 5 GeV/c and then remains constant for increasing pleading

T . The sat-
uration occurs at the same pT value observed for UE quantities. The result corroborates the
interpretation in terms of a bias towards collisions with small impact parameter, because the
correlation between central and forward pseudorapidity can only be attributed to the initial
stage of the collisions.

In a MC study of UE [4], it was shown that the multiplicity distributions in the transverse
region (|η| < 2.5, pT > 0 GeV/c) at the plateau obey a KNO scaling at the LHC energies.
The KNO scaling was expected in a model which assumes that a single pp collision results
from the superposition of a given number of elementary partonic collisions emitting particles
independently [9]. MPI could produce such an effect. However, the transverse region not
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Figure 2: Multiplicity density (azure squares) in the transverse region [8] and self-normalised
ZN signal (red circles) as a function of pleading

T (at mid-pseudorapidity) in pp collisions at√
s = 13 TeV.
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Figure 3: Top: multiplicity distributions in KNO variables in the trans-max (left) and trans-
min (right) regions for pp collisions at

√
s = 2.76, 5.02, 7 and 13 TeV. Bottom: the KNO

multiplicity distributions are normalized to that for pp collisions at
√

s = 7 TeV. The boxes
and the error bars represent the systematic and statistical uncertainties, respectively.

only includes contributions from UE but also from ISR-FSR. In order to investigate the KNO-
like scaling properties, a further treatment of the transverse side is implemented, where the
transverse region is further divided in two regions:

• transverse-I: π/3 < ∆φ < 2π/3
• transverse-II: −π/2 < ∆φ < −π/3, 4π/3 < ∆φ < 3π/2

These two distinct regions are characterized in terms of their relative charged-particle multi-
plicities. Trans-max (trans-min) region refers to the sub-transverse region (I or II) with the
larger (smaller) multiplicity which have an enhanced sensitivity to ISR-FSR (UE) [2, 10].
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Figure 3 shows the charged-particle multiplicity distributions in KNO variables for pp
collisions at

√
s = 2.76, 5.02, 7 and 13 TeV. Results are presented for the trans-max and

trans-min regions. In the trans-max region, within 20%, the KNO-like scaling is observed
in a wider range of multiplicity (0 < z =< 4, where z = NX

ch/⟨NX
ch⟩, X =‘t-max’ or ‘t-min’

which corresponds to the ‘trans-max’ or ‘trans-min’ region ) relative to the results reported in
Ref. [3], while for higher z values (z > 4) the scaling is broken. It is worth noticing that for
trans-max both contributions are considered: UE and ISR-FSR. If the effect of ISR-FSR is
suppressed, i.e., exploiting the features of trans-min region, the KNO-like scaling also holds
for 0 < z < 4, and then for z > 4 the KNO-like scaling is still broken but a higher z reach
is achieved, especially for z > 6, a lager violation is observed. Events with high-multiplicity
jets can contribute to the large violation of the scaling properties. It was observed that for
z > 3, the number of uncorrelated seeds (or MPI) deviate from the linear trend suggesting the
presence of high-multiplicity jets [11, 12].

3 Conclusions

The multiplicity density as a function of ptrig
T for both pp and p–Pb collisions at

√
sNN =

5.02 TeV shows a remarkably similar behavior, such as in the transverse region the distri-
butions increase with ptrig

T until about 5 GeV/c where it saturates. On the other hand, the
very forward energy as a function of pleading

T in pp collisions at
√

s = 13 TeV decreases with
increasing pleading

T and then saturates at the same pleading
T (≈ 5 GeV/c). These two saturation

effects are commonly interpreted as a bias towards collisions with small impact parameter.
In addition, in the trans-max and trans-min regions the charged-particle multiplicity distribu-
tions exhibit a KNO-like scaling for 0 < z < 4, which is expected for a single pp collision
involving a large number of MPI emitting independently. And for z > 4 the scaling is bro-
ken. For the MPI-sensitive region, a higher z reach is achieved, especially for z > 6, a larger
violation is observed, which may be attributed to high-multiplicity mini jets.
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