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pp, p–Pb and Pb–Pb collisions at

√
sNN = 5.02 TeV
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Abstract

This letter reports measurements which characterize the underlying event associated with hard scat-
terings at mid-pseudorapidity (|η |< 0.8) in pp, p–Pb and Pb–Pb collisions at centre-of-mass energy
per nucleon pair,

√
sNN = 5.02 TeV. The measurements are performed with ALICE at the LHC. Dif-

ferent multiplicity classes are defined based on the event activity measured at forward rapidities.
The hard scatterings are identified by the leading particle defined as the charged particle with the
largest transverse momentum (pT) in the collision and having 8 < pT < 15 GeV/c. The pT spectra
of associated particles (0.5 ≤ pT < 6 GeV/c) are measured in different azimuthal regions defined
with respect to the leading particle direction: toward, transverse, and away. The associated charged
particle yields in the transverse region are subtracted from those of the away and toward regions.
The remaining jet-like yields are reported as a function of the multiplicity measured in the trans-
verse region. The measurements show a suppression of the jet-like yield in the away region and
an enhancement of high-pT associated particles in the toward region in central Pb–Pb collisions, as
compared to minimum-bias pp collisions. These observations are consistent with previous measure-
ments that used two-particle correlations, and with an interpretation in terms of parton energy loss in
a high-density quark gluon plasma. These yield modifications vanish in peripheral Pb–Pb collisions
and are not observed in either high-multiplicity pp or p–Pb collisions.

*See Appendix A for the list of collaboration members
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1 Introduction

In proton-proton (pp) collisions, jets, originating from partonic scatterings with large momentum transfer,
are accompanied by particles produced by initial- and final-state radiation (ISR and FSR, respectively),
as well as, by a plethora of other mechanisms. These include proton break-up, and, in a scenario incor-
porating multi-parton interactions (MPI) [1, 2], several semi-hard parton-parton scatterings in a single pp
collision. These jet-accompanying particles experimentally make up the underlying event (UE) and are
commonly studied via azimuthal separations from the jets to minimise the influence of hard scatterings.
The present study follows the strategy originally introduced by the CDF collaboration [3]. First, the lead-
ing charged particle in the event is found, i.e., the charged particle with the highest transverse momentum
in the collision (ptrig

T ). Secondly, the associated particles (pT <ptrig
T ) are measured in three topological

regions depending on their azimuthal angle relative to the leading particle, |∆ϕ| = |ϕassoc −ϕ trig|, see
Fig. 1.

Figure 1: (colour online) Illustration of toward, away and transverse regions with respect to the leading
particle in a collision.

The toward region contains the primary jet within the acceptance of the detector, while the away region
contains the back-scattered particles of the recoil jet [4]. In contrast, the transverse region is dominated
by the underlying-event dynamics, but it also includes contributions from ISR and FSR [5].

The measurements performed at RHIC and LHC in small systems (pp, p–A, and d–A collisions) have
shown for high particle multiplicities similar phenomena as were originally observed only in A–A colli-
sions and have been attributed there to the formation of the strongly interacting quark gluon plasma [6, 7],
namely, long range angular correlations and collectivity [8]. The origin of these effects in small systems
is still an open question; on one hand, hydrodynamical calculations describe some aspects of the data [9];
on the other hand, mechanisms like colour reconnection [10], rope hadronisation [11], and string shov-
ing [12] can produce collective-like effects in Monte Carlo event generators such as PYTHIA 8 [13].
Thus, investigating pp collisions as a function of the charged particle multiplicity has become ever more
pertinent [9, 14–18]. The interpretation of the results from the analysis of high-multiplicity pp collisions
is challenging due to the selection biases of the sample towards events in which partonic scatterings with
large momentum transfer (hard scatterings) occurred. To mitigate this inherent bias, Martin et al. [19]
suggested to use the charged-particle multiplicity in the transverse region (NT

ch) as a classifier of the ac-
tivity in the collisions, since the correlation between NT

ch and the hardest scattering in the collision is
small. The ALICE collaboration has reported the first NT

ch spectra measured in pp collisions at centre-
of-mass energy,

√
s = 13 TeV [20]. Event generators, such as PYTHIA 8 [13] and EPOS-LHC [21],

do not provide a good description of the measured distribution of the ratio NT
ch/⟨NT

ch⟩, where ⟨NT
ch⟩ is

the event-averaged charged-particle multiplicity in the transverse region, underestimating in particular
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the number of collisions with large NT
ch

(
> 3×⟨NT

ch⟩
)
. In the framework of MPI-based models, like

those implemented in PYTHIA 8 and HERWIG 7 [22], the probability for a hard scattering in the
collision increases with decreasing impact parameter1 between the colliding protons. Thus, requiring a
high-pT particle (e.g., ptrig

T > 8 GeV/c) in a given pp collision biases the selection of collisions towards
those with a smaller impact parameter [23], which in turn biases the selection towards pp collisions with
more MPI [20]. This feature of the NT

ch-based analysis is important for the isolation of potential MPI
and colour reconnection effects, which according to PYTHIA 8, produce effects resembling collective
behaviour [10]. By construction, MPI and colour reconnection effects are expected to be more relevant
in the transverse region than in the away and toward regions [24]. It is worth mentioning that the MPI
picture has been used to explain the pT spectra in p–Pb collisions and peripheral Pb–Pb collisions [25–
27]. Studies, as a function of NT

ch, are therefore important to the understanding of the effects observed in
high-multiplicity pp collisions. Last but not least, measurements of UE observables are also important to
tune event generators [28] that include hard partonic scatterings and MPI.

This letter reports the inclusive charged-particle transverse momentum spectra in pp, p–Pb and Pb–Pb
collisions at centre-of-mass energy per nucleon pair

√
sNN = 5.02 TeV containing a high-pT leading

particle within the kinematic intervals 8 ≤ ptrig
T < 15 GeV/c and |η |< 0.8. This guarantees the selection

of collisions in which the average activity in the transverse region is roughly flat as a function of ptrig
T [20],

and therefore, any additional selection on the charged particle multiplicity will only modulate the UE
activity. The measurements are performed considering different event classes defined in terms of the
multiplicity registered in the forward detectors. The pT spectra of associated charged particles (0.5 ≤
pT < 6 GeV/c and |η | < 0.8) are measured in the toward, away, and transverse regions as a function
of the average charged particle multiplicity in the transverse region. To further investigate the possible
modification of the particles produced in the hard scattering in pp, p–Pb, and Pb–Pb collisions, the
pT distributions in the toward (dNt

ch/dpT) and away (dNa
ch/dpT) regions obtained after the subtraction of

the pT spectra in the transverse region (dNT
ch/dpT) are also reported. The subtracted yields (dNst,sa

ch /dpT)
are further normalised to those measured in minimum-bias (MB) pp collisions,

It,a
X ≡

(dNt,a
ch /dpT −dNT

ch/dpT)|X
(dNt,a

ch /dpT −dNT
ch/dpT)|pp,MB

=
(dNst,sa

ch /dpT)|X
(dNst,sa

ch /dpT)|pp,MB
, (1)

where X indicates the collision system and the event multiplicity class. In this way, the hard process
pT spectra in the toward and away regions are isolated, and thus allowing us to study possible modifica-
tions to the produced particles due to medium effects in high-multiplicity pp, p–Pb, and Pb–Pb collisions.
In heavy-ion collisions, this ratio is sensitive to the same effects which were studied using the IAA quan-
tity [29–31], where jets produced in the early stage of the collision propagate through the hot and dense
quark–gluon plasma. Their interaction with the coloured medium lead to parton-energy loss (jet quench-
ing) [32] which, for example, results in the suppression of the charged-particle yield at high pT [33],
and the suppression of the high-pT yield in the away region [29, 30]. It is worth mentioning that jet
quenching effects have not been observed so far in small systems [33, 34].

2 Experiment and data analysis

This analysis is based on the data recorded by the ALICE apparatus during the pp and Pb–Pb runs at√
sNN = 5.02 TeV in 2015, and the p–Pb run at

√
sNN = 5.02 TeV in 2016. The present study uses the

V0 detector, and the Silicon Pixel Detector (SPD) for triggering and background rejection. The V0
consists of two arrays of scintillating tiles placed on each side of the interaction point covering the full
azimuthal acceptance and the pseudorapidity intervals of 2.8 < η < 5.1 (V0A) and -3.7 < η < -1.7
(V0C). The SPD is the innermost part of the Inner Tracking System (ITS) and it is the closest detector

1In event generators like PYTHIA 8 the impact parameter profile is described by an overlap matter distribution of the two
incoming hadrons.
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to the interaction point. It consists of two cylindrical silicon pixel layers at radial distances of 3.9 and
7.6 cm from the beam line and the pseudorapidity coverages of the two layers are |η |< 2 and |η |< 1.4,
respectively. The data were collected using a minimum-bias trigger, which required a signal in both
V0A and V0C detectors. The offline event selection was optimised to reject beam-induced background
in all collision systems by utilising the timing signals in the two V0 detectors. In Pb–Pb collisions, the
beam-induced background is further suppressed by correlating the timing signals of the neutron zero
degree calorimeters, which are positioned on both sides of the interaction point at 112.5 m distance
along the beam axis [35]. The signals from the zero degree calorimeters are also used to suppress the
contamination from electromagnetic interactions. This is performed by requesting the coincidence of the
signals coming from both side zero degree calorimeters by which the background due to single nucleus
electromagnetic dissociation processes is excluded. A criterion based on the offline reconstruction of
multiple primary vertices in the SPD is applied to reduce the pileup caused by multiple interactions in
the same bunch crossing [36]. The results presented in this letter are for minimum-bias triggered pp
collisions having at least one charged particle in the pseudorapidity interval |η | < 1 (INEL>0). The
INEL>0 event class corresponds to about 75% of the total inelastic cross section [37]. For pp and Pb–Pb
collisions, the sample is subdivided into different multiplicity classes based on the total charge deposited
in both V0 sub-detectors, which is termed as V0M amplitude [38]. For p–Pb collisions, the sample is
subdivided based on the total charge deposited in V0A sub-detector (V0A amplitude) [39], which is
located in the Pb-going direction. The V0A estimator has been implemented in previous measurements
that used p–Pb data (see e.g. [40]). This allows for comparisons with other observables for similar V0A
multiplicity classes. To ensure that a hard scattering took place in the collision, events are required to
have a trigger particle within 8 ≤ ptrig

T < 15 GeV/c. In this ptrig
T interval, the momentum resolution effects

are negligible on the extracted yields, and therefore, no ptrig
T resolution correction is applied. The total

number of analysed collisions before the trigger particle selection are about 108, 108, and 107 for pp,
p–Pb, and Pb–Pb collisions, respectively.

The transverse momentum of particles is determined from measurements in the central barrel with the
ITS and the Time Projection Chamber (TPC). The ITS is a tracking detector which consists of six cylin-
drical layers of silicon detectors. The TPC is a cylindrical drift detector which covers a radial distance
of 85-247 cm from the beam axis and it has longitudinal dimension extending from about -250 cm to
+250 cm around the nominal interaction point. Primary charged particles are measured in the pseudo-
rapidity range of |η | < 0.8 and with pT > 0.5 GeV/c, where η is measured in the laboratory frame for
the three collision systems. The configuration for p–Pb collisions with protons at 4 TeV energy colliding
with Pb ions that have per-nucleon energies of (Z/A) × 4 TeV ∼ 1.58 TeV results in a shift in the rapidity
of the nucleon–nucleon centre-of-mass system by 0.465 in the direction of the proton beam (negative
z-direction). Here Z and A are the atomic and mass numbers of the Pb ion, respectively. Therefore,
the detector coverage |η | < 0.8 corresponds to roughly −0.3 < |ηcms| < 1.3 for p–Pb collisions. The
particles with mean proper lifetime larger than 1 cm/c, which are either produced directly in the inter-
action or from decays of particles with mean proper lifetime smaller than 1 cm/c are termed as primary
particles [41]. The track selection follows a procedure similar to the one described in Ref. [42] and only
few specific details are reported here. Tracks (Ntracks) are required to have two hits in the ITS, out of
which at least one should be in either of the two innermost layers. The geometrical track length L is
calculated in the TPC readout plane, excluding the information from the pads at the sector boundaries
(≈ 3 cm from the sector edges). The trajectory lengths built from radial segments, i.e. the crossed TPC
pad rows, traversed in the TPC by a particle are required to be larger than 85% of the geometrical track
length. The pad rows are made of at least 3 neighbouring individual observations (clusters), and their
height varies from 7.5 mm to 15 mm [43]. The trajectory lengths built from clusters (one cluster per pad
row) is required to be larger than 0.7×L. The fraction of TPC clusters shared with another track is re-
quired to be lower than 0.4. The fit quality for the ITS and TPC track points must satisfy χ2

ITS/Nhits < 36
and χ2

TPC/Nclusters < 4, respectively, where Nhits and Nclusters are the numbers of hits in the ITS and the
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number of clusters in the TPC, respectively. Only tracks with χ2
TPC−ITS < 36 are included in the analysis,

where χ2
TPC−ITS is calculated comparing the track parameters from the combined ITS and TPC track

reconstruction to that derived only from the TPC and constrained to the interaction point. The definition
of χ2

TPC−ITS can be found in Ref. [44]. To reduce the contamination from secondary particles, tracks are
accepted if their distance-of-closest-approach (DCA) to the reconstructed primary interaction vertex sat-
isfies in the longitudinal (dz) and transverse (dxy) directions the conditions dz < 2 cm and dxy < 0.018 cm
+ 0.035 (cm×GeV/c)/pT.

The measurement of the transverse momentum spectra of charged particles follows the standard proce-
dure of the ALICE collaboration [42, 45]. The raw yields are corrected for efficiency and contamination
from secondary particles. The efficiency correction is calculated from Monte Carlo simulations with
GEANT3 [46] transport code, which made use of PYTHIA 8 (Monash) [28], EPOS-LHC [21] and HI-
JING [47] event generators for pp, p–Pb and Pb–Pb collisions, respectively and incorporated a detailed
description of the detector material, geometry and response. Since the event generators do not reproduce
the relative abundances of different particle species in the real data, the efficiency obtained from the
simulations is re-weighted considering the particle composition from data as outlined in [42]. A multi-
component template fit based on the DCA distributions from the simulation is used for the estimation of
secondary contamination [42].

The pT spectra for the toward and away regions include contributions from the jet fragmentation, ISR,
and FSR, as well as, the contribution from the underlying event. In order to increase the sensitivity to
the hardest process of the event, the particle yields measured in the transverse region are subtracted from
the corresponding yields in both the toward and away regions: dNt,a

ch /dpT − dNT
ch/dpT. This approach

assumes that the background (UE, ISR, and FSR) in the toward and away regions is similar to the activity
in the transverse region. However, one has to keep in mind that in Pb–Pb collisions two-particle correla-
tions are affected by anisotropic transverse flow. In particular, the main contribution is due to the elliptic
flow, v2, which is the second order coefficient in the Fourier expansion of the azimuthal distribution of
the particle momenta [48]. This elliptic azimuthal anisotropy modulates the background according to:

B(∆ϕ) = B0
(
1+2V2 cos(2∆ϕ)

)
, (2)

where V2 is approximately given by the product of anisotropic flow coefficients for trigger and asso-
ciated particles at their respective momenta i.e. V2 ≈ vtrig

2 vassoc
2 . The existing v2 measurements over

a broad transverse momentum range [49] suggest that the effect of the v2 modulation of background
should be more relevant in semi-central Pb–Pb collisions. The effect is expected to be important at low
and intermediate transverse momenta and decreases for high transverse momentum particles [30]. In
the high-pT region of interest for the jet quenching studies, namely pT > 4 GeV/c, the effect of the v2
modulation is estimated to be small (about 5%) for Pb–Pb collisions. Given that the v2 effect is larger
in Pb–Pb collisions than in pp and p–Pb collisions, no correction for the v2 modulation is applied for pp
and p–Pb collisions since its effect is smaller than the other sources of systematic uncertainty.

The results are shown as a function of the average number of charged particles in the transverse region
⟨NT

ch⟩. The values of ⟨NT
ch⟩ are extracted in each multiplicity class from the Ntracks distributions in the

transverse region that are corrected for detector effects using a Bayesian unfolding [50]. The Bayesian
unfolding requires the multiplicity response matrix, which is built from the correlation between the
measured multiplicity and the multiplicity at generator level (without detector effects) in the transverse
region. This has been obtained from MC simulations which include the propagation of particles through
the detector using GEANT 3. As a crosscheck, the ⟨NT

ch⟩ values are also calculated by integrating the
transverse momentum distributions in the interval 0.5 ≤ pT < 8 GeV/c. The difference between the
results from the two strategies is assigned as the systematic uncertainty on ⟨NT

ch⟩, where the effects related
to the discrepancy between data and MC in the particle composition and secondary contamination are
considered. This uncertainty amounts up to 3.5%, 4% and 6.5% for pp, p–Pb and Pb–Pb collisions,
respectively.
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The systematic uncertainties related to the track selection criteria were studied by repeating the analysis
varying one-by-one the track selection criteria [42, 45]. In particular, the upper limits of the track fit
quality parameters in the ITS (χ2

ITS/Nhits) and in the TPC (χ2
TPC/Nclusters) were varied in the ranges of

25–49 and 3–5, respectively. The maximum fraction of shared TPC clusters was varied between 0.2
to 1 and the maximum dz was varied between 1 and 5 cm [42]. We have also quantified the impact of
not including the ITS hit requirement in the track selection. The systematic uncertainty on the primary
particle composition was estimated using a procedure similar to the one described in [42]. To quantify
the uncertainty due to the imperfect simulation of the detector response, the track matching between the
TPC and the ITS information in the data and in the simulation were compared. To achieve this, the frac-
tion of secondary particles was rescaled according to fits to the measured DCA distributions. After this
rescaling, the agreement between data and model was found to be within 3% for all collision systems.
This value was assigned as an additional systematic uncertainty [42]. The systematic uncertainty on the

Table 1: Contributions to the relative (%) systematic uncertainty on the pT spectra of primary charged
particles in pp, p–Pb, and Pb–Pb collisions at

√
sNN = 5.02 TeV. Just for illustration, the range in the

table corresponds to the lowest and highest relative systematic uncertainty in the considered pT range.
The individual contributions are summed in quadrature to obtain the total uncertainty.

Source of uncertainty pp p–Pb Pb–Pb
Track selection 2.1–8.2 2.4–5.8 3.0–9.9
Particle composition 0.3–1.8 0.5–1.9 0.3–2.4
Secondary particles 0.0–0.4 0.0–2.4 0.0–1.9
Matching efficiency 2.0–4.2 0.7–3.7 0.6–3.7
Total 3.2–8.8 3.6–6.3 3.5–10.0
Total (Nch-dependent) 2.0–4.5 1.7–4.0 1.1–3.7

secondary particle contamination considers the imperfection of the method (multi-component template
fit) used to extract the correction. The fit ranges were varied and the fit was repeated using templates
with two (primaries, secondaries) or three (primaries, secondaries from material, secondaries from weak
decays) components. The maximum spread among these variations was assigned as the systematic uncer-
tainty on the secondary contamination. This contribution dominates at low pT. The density of materials
used in simulations of the experimental setup was varied by ± 4.5% [35], resulting in a negligible sys-
tematic uncertainty in the considered pT range of 0.5 to 6.0 GeV/c. For the estimation of total systematic
uncertainty, all the above listed contributions were summed in quadrature. The systematic uncertainties
are independent of the difference between the azimuthal angle of the associated particle and that of the
trigger particle. The estimated systematic uncertainties on the pT spectra significantly depend on pT,
while the dependence on the multiplicity classes is mild. The ranges of systematic uncertainties in the
three considered collision systems are reported in Table 1 for the various sources described above.

3 Results and discussion

The pT spectra measured in the transverse region for pp, p–Pb, and Pb–Pb collisions are shown in Fig. 2
(top panel). Results are presented for different multiplicity classes. The ratios between the spectra in
the individual multiplicity classes and the MB (0−100%) one are shown in the bottom panel. In the
pT range 0.5− 6 GeV/c, the ratios for the highest multiplicity class (0−5%) are larger than unity and
show an increasing trend with increasing pT at low pT (< 2−3 GeV/c) followed at higher pT by a slow
decrease. Instead, for the lowest multiplicity classes (40−60% and 60−90%) the ratios are lower than
unity and follow an opposite trend with pT, decreasing at low pT and increasing for pT > 3 GeV/c. The
behaviour of the ratios as a function of the event activity is reminiscent of analogous ratios as a function
of the number of MPI in pp collisions simulated with PYTHIA 8, including colour reconnection [51].
In particular, at pT ≈ 2− 3 GeV/c the pT spectrum of pp collisions with large MPI activity exhibits an
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enhancement with respect to the pT spectrum of MB pp collisions. The effect was not observed before in
data because, in contrast to the present analysis, the jet contribution was included in the pT spectra [45].
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Figure 2: (colour online) Top panels: transverse momentum spectra of charged particles in the trans-
verse region for different multiplicity classes in pp (left), p–Pb (middle) and Pb–Pb (right) collisions at√

sNN = 5.02 TeV. The pT spectra are measured at mid pseudorapidity (|η |< 0.8). Lower panels: Ratio
of pT spectra in different multiplicity classes to the pT spectrum in the 0−100% multiplicity class for
the corresponding collision systems. The statistical and systematic uncertainties are shown by bars and
boxes, respectively.

The top (bottom) panel of Fig. 3 shows the charged particle yields for the toward (away) region after the
subtraction of the yields measured in the transverse region in pp, p–Pb and Pb–Pb collisions. Results are
compared with the pT spectra measured for MB pp collisions (0−100% V0M pp event class) quantified
with the ratio It,a

X , as defined in Eq. 1. At low transverse momenta, pT < 4 GeV/c, It,a
X is close to unity

in pp and p–Pb collisions. In contrast, It,a
X in Pb–Pb collisions exhibits a strong multiplicity dependence

over the whole measured pT interval. The It,a
X magnitude is larger for semi-peripheral Pb–Pb collisions,

the maximum is observed for 20−40% Pb–Pb collisions, and is smaller for the most central and most
peripheral classes. Given that the v2 contribution is not subtracted from the jet-like yields reported in
Fig. 3, the centrality dependence of It,a

X follows the behaviour of v2 as a function of collision centrality
and particle pT in Pb–Pb collisions at LHC energies [52].

Figure 4 shows the measured values of It,a
X in the transverse momentum interval 4 < pT < 6 GeV/c as

a function of the average multiplicity in the transverse region for all the multiplicity classes consid-
ered in pp, p–Pb and Pb–Pb collisions. The figure shows that, within uncertainties, the It,a

X values are
close to unity for all the multiplicity classes measured in pp and p–Pb collisions. This indicates that
effects induced by possible energy loss in these systems are not observed within uncertainties. This
result is consistent with previous studies of nuclear modification factor [33] and hadron-jet recoil mea-
surements [34]. By contrast, for Pb–Pb collisions the It,a

X values are compatible to unity for peripheral
collisions, and show a gradual enhancement (reduction) with the increase in multiplicity for the toward
(away) region. The behaviour is the same for the It,a

X values measured either assuming a flat background
or a v2-modulated background. The v2-modulated background was estimated following the approach
depicted in Eq. 2 and using the v2 data reported in [49]. This behaviour is qualitatively similar to the di-
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Figure 3: (colour online) Transverse momentum spectra of charged particles in Toward-Transverse,
dNst

ch/dpT (top plot) and Away-Transverse, dNsa
ch/dpT (bottom plot) regions for different multiplicity

classes in pp (left), p–Pb (middle) and Pb–Pb (right) collisions at
√

sNN = 5.02 TeV. The pT spectra are
measured at mid pseudorapidity (|η |< 0.8). The lower panels of both plots show the ratio to minimum
bias pp collisions. The statistical and systematic uncertainties are shown by bars and boxes, respectively.

hadron correlation results reported by the STAR and ALICE collaborations [29, 30]. In Pb–Pb collisions,
It
X provides information about the fragmenting jet leaving the medium, while on the away side, Ia

X reflects
the survival probability of the recoiling parton during passage through the medium. Thus a suppression
of Ia

X would indicate that fewer partons survive the passage through the medium and is expected from the
strong in-medium energy loss. On the other hand, the enhancement observed in the toward region is also
subject to medium effects. The ratio is sensitive to a) a possible change of the fragmentation functions,
b) a possible modification of the quark to gluon jet ratio in the final state due to different coupling with
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Figure 4: (colour online) The It
X (left) and Ia

X (right) as a function of ⟨NT
ch⟩ in 4 < pT < 6 GeV/c for

different multiplicity classes in pp, p–Pb and Pb–Pb collisions at
√

sNN = 5.02 TeV. Pb–Pb results are
shown assuming a flat background (filled markers), and assuming a v2-modulated background (empty
markers). The statistical and systematic uncertainties are shown by bars and boxes, respectively.

medium, and c) a possible bias on the parton spectrum due to trigger particle selection. Moreover, given
that It,a

X is sensitive to the same effects as IAA, the interpretation of the results is similar to that reported
in [30]. It is likely that all three effects play a role [30]. A detailed quantification of the contribution of
each effect is beyond the scope of the present paper.

In order to get further insight into the effect, the measured It,a
X values are compared in Fig. 5 with model

predictions. Following the similar treatment of the experimental data, for the models, the total sample is
subdivided into different V0M classes and the ⟨NT

ch⟩ is calculated for each class. For high-multiplicity
pp collisions, although It,a

X is close to unity, a small trend with multiplicity is visible, which is not seen
at similar multiplicities (20−90% V0A) in p–Pb data. To understand the source of these slight devia-
tions from unity, the data are compared with the predictions from the PYTHIA 8 (Monash tune [28])
and EPOS-LHC [21] event generators. In PYTHIA, the hadronization of quarks is simulated using the
Lund string fragmentation model [53]. Various PYTHIA tunes have been developed through extensive
comparison of Monte Carlo distributions with the minimum-bias data from different experiments. The
Monash tune of PYTHIA 8 is tuned to LHC data and uses an updated set of hadronization parameters
compared to the previous tunes [28]. EPOS-LHC is built on the Parton-Based Gribov Regge Theory.
Utilising the colour exchange mechanism of string excitation, the model is tuned to LHC data [21]. In
this model, a part of the collision system which has high parton densities becomes a “core" region that
evolves hydrodynamically as a quark–gluon plasma and it is surrounded by a more dilute “corona" for
which fragmentation occurs in the vacuum. The upper panel of Fig. 5 shows It,a

X for different multiplic-
ity classes. The observed deviations from unity are reproduced by PYTHIA 8 for both the toward and
away regions. Given that PYTHIA 8 does not incorporate any jet quenching mechanism, the origin of
the effect in high ⟨NT

ch⟩ collisions is related to a remaining bias towards harder fragmentation and more
activity from initial and final state radiation [54]. These effects enhance the high-pT yield in the toward
region, and produce a broadening in the away region [55]. The EPOS-LHC results in the away region
are similar to both data and PYTHIA 8. However, for It

X EPOS-LHC exhibits a trend with a maximum
at intermediate multiplicity and a reduction toward low and high multiplicities, which is not consistent
with the measurements.

The middle and bottom panels of Fig. 5 show It,a
X measured for p–Pb and Pb–Pb collisions, respectively.
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Figure 5: (colour online) Comparison of the measured the It
X (left) and Ia

X (right) in 4 < pT < 6 GeV/c
with model predictions. The results are shown as a function of ⟨NT

ch⟩ for different multiplicity classes
in pp (top panel), p–Pb (middle panel) and Pb–Pb (bottom panel) collisions at

√
sNN = 5.02 TeV. The

red and magenta lines show the PYTHIA 8 (Monash) [28] and PYTHIA 8/Angantyr [28] predictions,
respectively. The blue lines show the EPOS-LHC [21] results. The statistical and systematic uncertainties
are shown by bars and boxes, respectively.

The data are compared to PYTHIA 8/Angantyr [56] and EPOS-LHC predictions. The Angantyr model
in PYTHIA 8 extrapolates the dynamics from pp collisions to p–Pb and Pb–Pb collisions, generalising
the formalism adopted for pp collisions by including a description of the nucleon positions within the
colliding nuclei and utilising the Glauber model to calculate the number of interacting nucleons and
binary nucleon–nucleon collisions. PYTHIA 8/Angantyr, which does not include jet quenching effects,
predicts It,a

X values consistent with unity for all the multiplicity classes in Pb–Pb collisions. Whereas
for p–Pb collisions Ia

X is consistent with unity, and It
X is slightly below unity. In EPOS-LHC, a certain

pT cutoff is defined in such a way that, above this cutoff, a particle loses part of its momentum in the
core but survives as an independent particle produced by a flux tube. Soft particles, which are below the
pT cutoff, get completely absorbed and form the core. This sort of energy loss mechanism implemented
in EPOS-LHC depends on the system size [21, 57, 58]. Figure 5 (middle) shows that for p–Pb collisions,
EPOS-LHC does not describe either the magnitude or the trend of the multiplicity dependence of the
measured ratio in the toward region, It

X . However, the model is in reasonable agreement with data in the
away region. For Pb–Pb collisions, EPOS-LHC predicts a significant enhancement of It,a

X for low ⟨NT
ch⟩

ranges and deviates significantly from the experimental results.

In summary, while the data from Pb–Pb collisions are in qualitative agreement with expectations from
parton energy loss due to the presence of a hot and dense medium, pp and p–Pb data do not show any
hint of medium effects in the multiplicity range which is reported.
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4 Summary

The transverse momentum spectra (0.5 ≤ pT < 6 GeV/c) of primary charged particles in three azimuthal
regions (toward, away and transverse) defined with respect to the direction of the particle with the high-
est transverse momentum in the event (8 ≤ ptrig

T < 15 GeV/c) are reported. The spectra are studied in
intervals of the multiplicity measured at forward pseudorapidities for pp, p–Pb, and Pb–Pb collisions at√

sNN = 5.02 TeV. The pT spectra in the transverse region are subtracted from those of the away and
toward regions. This is based on the assumption that the transverse side provides a good estimation of
the underlying event contribution in both the toward and away regions. However, for the interpretation
of the results one has to keep in mind that v2 modulates the background and this effect is important for
semi-central Pb–Pb collisions and for pT > 4 GeV/c the effect is less than 5% in central and peripheral
Pb–Pb collisions. Ratios to MB pp (It,a

X ), i.e., the multiplicity dependent yields normalised to the yield
measured in MB pp collisions, are reported. At low transverse momentum (pT < 2 GeV/c), within 20%,
the It,a

X values are multiplicity independent for both the toward and away regions in pp and p–Pb colli-
sions. In contrast, in Pb–Pb collisions for both toward and away regions the It,a

X values exhibit a centrality
dependence which is expected given the residual presence of elliptic flow. In the highest transverse mo-
mentum interval (4 < pT < 6 GeV/c), the It,a

X values in pp collisions are closer to unity but they exhibit
a small reduction (increase) towards high V0 activity in pp collisions. This trend is well reproduced by
PYTHIA 8. In the model, it is due to a selection bias towards pp collisions with harder fragmentation
and larger activity from initial and final state radiation. For p–Pb collisions, within uncertainties, the It,a

X
values are consistent with unity and do not show a multiplicity dependence. PYTHIA 8/Angantyr fairly
describes Ia

X , but it underestimates by about 10% the It
X values in the low multiplicity classes (40−90%

V0A event class). For Pb–Pb collisions, the It,a
X values are close to unity for peripheral collisions, and

show a gradual increase (reduction) in the toward (away) region with increasing multiplicity. A similar
observable, IAA, based on the per-trigger yield of associated particles in di-hadron correlation has been
studied for central and peripheral Pb–Pb collisions at

√
sNN = 2.76 TeV. The behaviour of It,a

X exhibits
the same features as IAA: in central collisions, on the away-side, a suppression is observed as expected
from strong in-medium energy loss. In the toward region, an enhancement is observed. PYTHIA 8/An-
gantyr predicts It,a

X ≈ 1 for all multiplicity intervals, and it does not reproduce the observed away-side
suppression or toward-side enhancement. Generally, EPOS-LHC does not describe the measured It,a

X
ratios.

In summary, within the multiplicity reach reported in this paper, no jet quenching effects are observed in
pp and p–Pb collisions within uncertainties. Further studies are required to extend the present analysis to
higher multiplicities, which are currently limited by the event selection based on the forward V0 detector.
The analysis of future pp and p–Pb collisions with much larger integrated luminosity may remove this
limitation.
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