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Abstract

Measurements of inclusive charged-particle jet production in pp and p–Pb collisions at center-of-
mass energy per nucleon–nucleon collision

√
sNN = 5.02 TeV and the corresponding nuclear mod-

ification factor Rch jet
pPb are presented, using data collected with the ALICE detector at the LHC. Jets

are reconstructed in the central rapidity region
∣∣ηjet

∣∣ < 0.5 from charged particles using the anti-
kT algorithm with resolution parameters R = 0.2, 0.3, and 0.4. The pT-differential inclusive pro-
duction cross section of charged-particle jets, as well as the corresponding cross-section ratios, are
reported for pp and p–Pb collisions in the transverse momentum range 10 < pch

T,jet < 140 GeV/c

and 10 < pch
T,jet < 160 GeV/c, respectively, together with the nuclear modification factor Rch jet

pPb in the
range 10< pch

T,jet < 140 GeV/c. The analysis extends the pT range of the previously-reported charged-
particle jet measurements by the ALICE Collaboration. The nuclear modification factor is found to
be consistent with one and independent of the jet resolution parameter with the improved precision of
this study, indicating that the possible influence of cold nuclear matter effects on the production cross
section of charged-particle jets in p–Pb collisions at

√
sNN = 5.02 TeV is smaller than the current

precision. The obtained results are in agreement with other minimum bias jet measurements avail-
able for RHIC and LHC energies, and are well reproduced by the NLO perturbative QCD POWHEG
calculations with parton shower provided by PYTHIA8 as well as by JETSCAPE simulations.

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

In high-energy hadronic collisions, scattering processes at very large momentum transfer Q2 between
quarks and gluons of the colliding nucleons produce parton showers, which subsequently fragment into
collimated sprays of hadrons called jets. Studies of jet production in proton–proton (pp) collisions al-
low one to test the fixed-order perturbative quantum chromodynamics (pQCD) calculations of the jet
production in the TeV domain and tune the higher order effects in QCD-based Monte Carlo (MC) event
generators [1–4]. Furthermore, such studies, especially at low pT, constrain the non-perturbative con-
tributions, such as the hadronization and underlying event effects, to the inclusive jet cross section. In
addition, measurements in pp collisions also provide the baseline for similar measurements in proton–
nucleus (pA) and nucleus–nucleus (AA) collisions. Comparing the jet production between pp and pA
collisions allows for an assessment of the effects related to the presence of bound nucleons in the collid-
ing system, denoted as cold nuclear matter (CNM) effects at the initial state of the collisions, which can
be described by partonic rescattering [5] and by modification of parton distribution functions (PDFs) [6].
The study of these CNM effects is interesting in its own right since it is necessary to decouple the CNM
effects from those related to the creation of the quark–gluon plasma (QGP), which is a hot and dense
color-deconfined QCD matter created in AA collisions [7, 8].

The production of the QGP in AA collisions is confirmed by many observations (see in [9] and the
references therein). One of the QGP signatures is the so-called jet quenching phenomenon. It is mani-
fested by the suppression of high-pT hadron and jet yields with respect to those in pp collisions [10, 11].
One microscopic picture of this phenomenon assumes that, while traversing through the QGP, the initial
highly-energetic parton loses energy via medium-induced gluon radiations and elastic scatterings with
constituents of the hot and dense medium. A convenient observable to quantify these jet quenching
effects is the nuclear modification factor, defined as the ratio of the jet (or final-state hadron) yield pro-
duced in AA or pA collisions to that in pp collisions, scaled by the average number of nucleon–nucleon
collisions ⟨Ncoll⟩ [12]. A deviation from one of this ratio at high pT indicates the presence of nuclear
effects.

Initially, the pA system was thought to be too small to create a QGP. However, recent measurements
show evidence of collective behavior in high-multiplicity pp and p–Pb collisions at the LHC [13–16]
and in light nucleus–Au collisions at RHIC [17, 18]. By contrast, jet quenching phenomena have not yet
been seen in small collision systems. The question of possible QGP formation in small collision systems
remains open and calls for further, more precise jet quenching searches. The production of charged-
particle jets and the corresponding nuclear modification factor Rch jet

pPb in p–Pb collisions at center-of-
mass energy per nucleon–nucleon collision

√
sNN = 5.02 TeV were previously reported by the ALICE

Collaboration based on Run 1 data [19]. The scaled pT-differential charged-particle jet production cross
section from pp collisions at

√
s = 7 TeV was adopted for calculating the Rch jet

pPb in this study, and results

show that the Rch jet
pPb is consistent with one within uncertainties. The measurement of full jet production in

p–Pb collisions at
√

sNN = 5.02 TeV has been presented by the ATLAS [20] and CMS Collaborations [21]
at the LHC, and in d–Au collisions at

√
sNN = 200 GeV by the PHENIX Collaboration [22] at RHIC.

In this article, we revisit previous ALICE analyses by measuring the charged-particle jet production
in the larger Run 2 datasets of pp and p–Pb collisions at

√
sNN = 5.02 TeV, exploiting the excellent

tracking capabilities of ALICE [23, 24]. These large data samples enable higher precision measurement
of the charged-particle jet production over a broader pch

T,jet interval compared to the previous one [19],
extending pch

T,jet down to 10 GeV/c and up to 140 GeV/c. Furthermore, in contrast to the results from

Run 1, the reported Rch jet
pPb from Run 2 utilizes a pp reference measured at the same collision energy.

Therefore, when constructing the nuclear modification factor, there is no need to rely on an interpolation
between collision energies; instead, a more direct comparison can be made at the same

√
sNN. This

reduces the normalization uncertainty by a factor of about 2.7 as compared to the previously published
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results. Data from Pb–Pb collisions are also available at the same energy [25, 26] and thus the results
from this p–Pb analysis can provide a baseline for the Pb–Pb data. These measurements can also be used
to constrain the nuclear-modified parton distribution functions (nPDFs) [27–30] and the strong coupling
constant αs [31].

This article reports the measurement of charged-particle jet production both in pp and p–Pb collisions
at

√
sNN = 5.02 TeV and the corresponding nuclear modification factor for jet resolution parameters

R = 0.2, 0.3, and 0.4. The inclusive jet cross section is used to evaluate ratios of jet yields obtained for
different resolution parameters. These ratios provide insight into the interplay between perturbative and
non-perturbative effects on jet transverse momentum scales [1, 32–34].

The paper is organized as follows. Section 2 describes the ALICE detector and the dataset. Jet reconstruc-
tion approach, correction for detector and acceptance efficiency, and systematic uncertainty assessment
are discussed in Section 3. Section 4 presents the results and compares them to theoretical predictions
and other experimental measurements. The conclusion is given in Section 5.

2 Experimental setup and datasets

The ALICE detector is a general-purpose heavy-ion experiment at the LHC [24, 35]. The pp dataset used
in this analysis was collected in 2017 at

√
s = 5.02 TeV, while the p–Pb dataset was collected in 2016 at√

sNN = 5.02 TeV, during the LHC Run 2. The analyzed data samples were collected with a minimum
bias (MB) trigger and consist of 968× 106 MB events for pp collisions, corresponding to an integrated
luminosity Lpp = 18.9±0.4 nb−1 [36], and 624×106 MB events for p–Pb collisions, corresponding to
LpPb = 298±11 µb−1 [37]. In p–Pb collisions, a rapidity shift ∆y = 0.465 is needed in the direction of
the proton beam to transform from the ALICE laboratory frame to the nucleon–nucleon center-of-mass
frame due to the asymmetry of the colliding beam energies; protons at 4 TeV energy are collided into
fully stripped 208

82 Pb ions at 1.58 TeV per nucleon energy [38].

Events were triggered using the V0 detector [39], which consists of two scintillator arrays located at
forward and backward rapidity. It covers the pseudorapidity regions −3.7 < η < −1.7 (V0C) and
2.8 < η < 5.1 (V0A). To select the MB trigger, coincident signals are required in both the V0A and
V0C detectors. Beam-induced background events, such as beam–gas interactions or out-of-bunch pileup
within the V0 detector readout time, are rejected offline by using the timing information from the V0
detectors and the number of reconstructed points and track segments in the Silicon Pixel Detector (SPD),
which are expected to be uncorrelated for background events. The SPD equips the two innermost layers
of the Inner Tracking System (ITS), a silicon tracker with six layers, and covers the pseudorapidity inter-
val |η |< 1.4 around midrapidity. In-bunch pileup events, where multiple interactions occur in the same
bunch crossing, are rejected by requiring that only a single primary vertex is reconstructed with the SPD
in the event [24]. For the data samples considered in this paper, pileup events amount to less than 1% of
the event sample both in pp and p–Pb collisions [40]. Accepted events are required to have the recon-
structed primary vertex position along the beam axis within 10 cm from the center of the detector [24].

Charged-particle jets are reconstructed using tracks of primary-charged-particle candidates produced in
the collision. Primary charged particles are defined as all particles with a mean proper lifetime τ >
1 cm/c which are either produced directly in the interaction or from decays of particles with a mean
proper lifetime τ < 1 cm/c. This excludes particles produced in interactions with the detector material
and products of weak decays [41]. The charged-particle trajectories are reconstructed using information
from the ITS [23] and the Time Projection Chamber (TPC) [42]. These detectors are located inside a
large solenoidal magnet that provides a uniform magnetic field of B = 0.5 T. Tracks were selected with
transverse momenta pT,track > 0.15 GeV/c and in a pseudorapidity range |η |< 0.9 over the full azimuth
0 < ϕ < 2π .
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In order to achieve a uniform azimuthal angle distribution and the high-quality momentum resolution
required for jet reconstruction, the charged track selection utilized a hybrid selection technique that
compensates for local inefficiencies in the SPD. Two distinct classes of tracks are combined in the hybrid
approach [43]. The first class consists of tracks that have at least one hit in the SPD. The second class
contains tracks without hits in the SPD, in which case the primary interaction vertex is used to constrain
the trajectory in the track fit to improve the determination of their transverse momentum. The charged
track momentum resolution σ(pT)/pT is estimated using the covariance matrix of the track fit [24] and
is approximately 0.8% at pT,track = 1 GeV/c and 4% at pT,track = 50 GeV/c.

Data corrections on instrumental effects were based on Monte Carlo (MC) simulations, which included
a detailed description of the detector geometry and response, using the GEANT3 package [44]. The
simulations were performed using the PYTHIA8 event generator [45] with the Monash 2013 tune [46] for
pp collisions and the PYTHIA6 [47] with the Perugia 2011 tune [48] for p–Pb collisions. The simulated
data were analyzed in the same way as the real data.

3 Data analysis

3.1 Jet reconstruction

The strategy for the jet reconstruction closely followed the procedures used by the ALICE Collaboration
in the Run 1 analysis, including the background density estimation [19]. Jet finding was performed
using the FastJet 3.2.1 [49] package. Signal jets were reconstructed from charged-particle tracks using
the anti-kT sequential clustering algorithm [50] with resolution parameters R = 0.2, 0.3, and 0.4. The
four-momenta of the jet constituents were combined using the boost-invariant pT recombination scheme,
treating the jet constituents as massless. To ensure that jets were well contained in the TPC acceptance,
the pseudorapidity coverage of the reconstructed jets was constrained to

∣∣ηjet
∣∣< 0.5 for all jet resolution

parameters. The area of the jet was required to be Ajet > 0.6πR2 to suppress the contribution from pure
background jet clusters [26]. Jets which contained tracks with pT larger than 100 GeV/c were rejected,
in order to ensure good momentum resolution.

Reconstructed jets from the hard process are always accompanied by soft background that does not orig-
inate from the hard process, known as the underlying event. The transverse momentum of selected signal
jets in p–Pb collisions was subsequently corrected for the average underlying event contribution [51]
according to the formula

pch
T,jet = pch raw

T,jet −ρch ×Ajet, (1)

where the transverse momentum density ρch of particles produced by the underlying event in p–Pb col-
lisions was estimated on an event-by-event basis using the so-called improved CMS method [52]

ρch = median

{
pkT

T,jet

AkT
jet

}
×C. (2)

Here AkT
jet and pkT

T,jet are the area and the transverse momentum of the jet clusters found using the kT
algorithm. The kT jets had the same resolution parameter as the anti-kT jets, and the pseudorapidity range
of the reconstructed kT jets spanned

∣∣ηjet
∣∣ < 0.9. The jet active area [53] was estimated by distributing

ghost particles into the η–ϕ acceptance. The ghost particle density is 200 per unit area and corresponds
to 0.005 area per ghost particle. The two highest-pT jets in the event were excluded from the estimation
of the background in order to suppress impact of physical jets on ρch [54]. The scaling factor C is used
to account for regions without particles. It is defined as

C =
∑j Aj

Aacc
. (3)
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Here Aj is the area of each kT jet with at least one real track (i.e. excluding ghosts), and Aacc is the
area of charged-particle acceptance. In pp collisions, the underlying event constitutes approximately
pT = 1 GeV/c per jet, and was not subtracted from the raw jet spectrum [55].

3.2 Corrections

The measured jet spectrum is distorted predominantly due to the finite detector resolution and local
background fluctuations with respect to the mean underlying event density. A correction procedure
known as unfolding was used to correct for these effects [56, 57]. The response matrices for these two
effects are determined separately and combined by making a product of the two [58].

The response matrix describing jet momentum smearing due to instrumental effects was determined from
the PYTHIA 6 MC simulation. Detector-level jets were reconstructed by transporting the generated parti-
cles through a full simulation of the ALICE detector using the GEANT3 transport model [59]. These jets
were geometrically matched to the corresponding particle-level jets on a jet-by-jet basis by minimizing
the angular distance ∆R =

√
(∆η)2 +(∆ϕ)2, where ∆η and ∆ϕ are the differences in pseudorapidity and

azimuthal angle between the detector-level and particle-level jets.

The performance of the jet reconstruction was assessed using the MC simulation. Two variables are
evaluated: the shift of the mean jet energy scale (JES) ∆JES =

〈
(pch det

T,jet − pch truth
T,jet )/pch truth

T,jet

〉
and the jet

energy resolution JER = σ(pch det
T,jet )/pch truth

T,jet , where pch det
T,jet and pch truth

T,jet are the transverse momenta of the
measured jet and the corresponding truth jet, and σ(pch det

T,jet ) denotes the width of the pch det
T,jet − pch truth

T,jet

distribution as a function of pch truth
T,jet . The ∆JES distribution is asymmetric and has a long negative tail due

to the reconstruction inefficiency and a sharp peak centered around pch truth
T,jet = pch det

T,jet . The most probable
scenario is that the measured pch

T,jet is close to the jet pT at particle level. The ∆JES distribution has a
mean value of −15% (−20%) and −27% (−30%) for the pch truth

T,jet interval 20 < pch truth
T,jet < 30 GeV/c and

100 < pch truth
T,jet < 120 GeV/c, respectively, for pp (p–Pb) collisions. The value of the JER varies from

23% (20%) to 27% (38%) in pp (p–Pb) collisions at pch truth
T,jet = 20 GeV/c and pch truth

T,jet = 150 GeV/c,
respectively. Both ∆JES and JER exhibit a weak R dependence.

The response matrix which accounts for the smearing due to local background fluctuations, was obtained
with the random cone (RC) method [60]. Cones with a resolution parameter Rcone equal to that of the
jet were placed randomly in the η −ϕ space in each event, within the ITS and TPC acceptance. The
background fluctuations were evaluated by comparing the sum of the pT of tracks inside the cone, pRC

T ,
with the expected average contribution due to the underlying event as follows:

δ pRC
T = pRC

T −ρchπR2
cone. (4)

In this study, two definitions for the random cone were considered. First, the random cones were required
not to overlap with the leading and subleading jets in an event. Second, the cones were placed in a
perpendicular direction to the leading jet in an event. These two approaches yield a consistent result
and their difference was considered as a source of systematic uncertainty. The nominal result used
the δ pRC

T matrix obtained by the first approach. The corresponding δ pRC
T distribution has a width of

σRC = 2.01 GeV/c for R = 0.2, 3.01 GeV/c for R = 0.3, and 4.01 GeV/c for R = 0.4. The response matrix
for the local background fluctuations was constructed row-by-row by taking the δ pRC

T distribution and
shifting it along the pch det

T,jet axis by the amount pch truth
T,jet corresponding to each row [58]. In pp collisions,

no correction for the background fluctuations was applied, and the raw spectrum was corrected for the
instrumental effects only.

The singular value decomposition (SVD-) based method [61] was used to perform the unfolding correc-
tion. The unfolding was also performed using the iterative Bayesian method [62]. For the regularization
of the Bayesian unfolding, convergence was determined by the stability of the unfolded solution to suc-
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cessive iterations [63]. These unfolding algorithms are implemented in the RooUnfold framework [64].
The difference between the two unfolding methods was assigned as a source of systematic uncertainty.
The unfolding correction required a prior spectrum as the starting point of the algorithm. In this analysis,
by default the prior spectrum was defined by the particle-level distribution generated using the PYTHIA

simulation.

The robustness of the unfolding procedure and the mathematical validity of the unfolded solution were
established through refolding and closure tests as done in the previous ALICE jet measurements [63].
Within statistical uncertainties, the solutions from both tests were able to recover the input distribution.

Statistical uncertainties of the unfolded solutions were evaluated based on pseudo-random experiments.
In this approach, the bin contents of the input measured spectrum were smeared according to given
statistical uncertainties obtaining an ensemble of randomized spectra. The unfolding was then applied to
each of these spectra and the resulting statistical uncertainty in each bin was obtained from a covariance
matrix corresponding to the ensemble.

3.3 Systematic uncertainties

The systematic uncertainties of the pT-differential charged-particle jet cross section and Rch jet
pPb are quanti-

fied by varying several parameters with respect to the primary analysis. The uncertainties are categorized
based on their point-to-point correlation into correlated uncertainty, shape uncertainty, and normalization
uncertainty. The correlated uncertainty is positively correlated among all the pch

T,jet bins. It includes the
uncertainty on the tracking efficiency and the uncertainty on the jet momentum smearing due to local
background fluctuations. The shape uncertainty is the uncertainty which is anti-correlated between parts
of the unfolded spectrum, which affects the shape of the final pch

T,jet spectrum. It arises mainly due to as-
sumptions in the unfolding procedure. The normalization uncertainties on the luminosity measurement,
as described in Sec. 2, were determined to be 2.34% [36] and 3.7% [37] for pp and p–Pb collisions,
respectively.

The influence of the statistical fluctuations on the systematic uncertainties of the raw spectrum was
suppressed by using pseudo-experiments as done in Refs. [40, 63]. For each source of uncertainty, several
randomized instances of the raw jet pch

T,jet spectrum were generated by variations around the measured
central value in each bin using a Gaussian distribution, with σ taken to be the uncorrelated statistical error
in the bin. Each randomized instance was analyzed using (i) corrections for the primary analysis, and (ii)
corrections that include the systematic variation. For each randomized instance, the ratio of corrected
jet pch

T,jet spectra resulting from (ii) and (i) was formed. The systematic uncertainty in each pch
T,jet bin

was defined as the mean value of the distribution of ratios obtained from all randomized instances. The
uncertainties were taken as symmetric and the total uncertainty for each category was obtained by making
a quadratic sum of the uncertainties corresponding to individual sources. The summary of the relative
systematic uncertainties discussed in this section is presented in Table 1.

3.3.1 Correlated uncertainties

The main sources of correlated uncertainties are described below.

• Tracking efficiency: The dominant systematic uncertainty arises from the uncertainty on the AL-
ICE tracking efficiency, which composes of two parts. The first part was estimated by simultane-
ously varying track selection criteria in the TPC in data and the MC simulation. The second one
was determined by the discrepancy in the TPC-ITS track matching efficiency between data and
simulations. The uncertainty on the inclusive pT spectrum of charged particles was found to be
3% in pp collisions [65]. In p–Pb collisions, the value was found to increase with pT from 1% at
low pT (∼ 0.5 GeV/c) up to 2.5% at high pT (∼ 14 GeV/c). To assess how this uncertainty impacts
the charged-particle jet spectrum, the unfolding was also performed with a response matrix which
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accounted for the lower track reconstruction efficiency. The difference between the jet spectrum
obtained with the modified response matrix and the default one is adopted as the uncertainty on
tracking efficiency.

• PYTHIA fragmentation: The instrumental response matrix used in the unfolding correction was
built using PYTHIA simulations. To assess the uncertainty associated with the model-dependent
reliance, the instrumental response matrix was re-weighted according to the jet angularity. The
jet angularity is defined as g = ∑i(pT,i × ri)/pch

T,jet, where pT,i is the pT of the ith constituent of

the charged-particle jet and ri =
√

∆η2
i +∆ϕ2

i is the distance of the ith constituent from the jet
axis at the particle level. Specifically, the instrumental response matrix was re-weighted such
that the 50% largest angularity jets were weighted an additional ±30% relative to the 50% lowest
angularity jets [26]. The modified response matrix was then used to unfold the measured spectrum.
The difference between the unfolded jet spectrum obtained with the re-weighted response matrix
and the default one is taken as the uncertainty.

• Background fluctuations: The δ pT matrix was constructed with cones perpendicular to the leading
jet, as described in Section 3.2. The uncertainty on background fluctuations is estimated by taking
the difference between the resulting jet spectrum and the default one.

3.3.2 Shape uncertainties

The main sources of the shape uncertainties are described below.

• Variation of the unfolding algorithm: The pch
T,jet spectrum was unfolded with the iterative Bayesian

unfolding method.

• Variation of the regularization parameter: The regularization parameter in the SVD-based unfold-
ing was varied by ±1 with respect to the optimal value.

• Variation of the prior: The prior spectrum was changed to a pT spectrum of jets calculated with
POWHEG+PYTHIA8 simulations.

• Variation of the lower pT spectrum cutoff: The minimum pT of the measured jet spectrum used
in the unfolding correction was required to be greater than σRC of the δ pRC

T distribution. The
sensitivity of the unfolded result to combinatorial jets was tested by varying the lower range of the
measured jet spectrum by ±3 GeV/c.

The systematic uncertainties on the cross-section ratios between jet spectra obtained with different R
values are determined using the same strategy as in previous ALICE measurements [26]. The numerator
and denominator were varied simultaneously and compared to the default jet cross-section ratio.

The shape uncertainties between the pp and p–Pb collision systems are considered uncorrelated and are
fully propagated to the Rch jet

pPb . Due to the partial correlation between the tracking efficiency uncertainties

in pp and p–Pb collisions [19], the tracking efficiency uncertainty on the Rch jet
pPb is considered to be the

maximum uncanceled part between the two collision systems.

4 Results

4.1 Inclusive charged-particle jet production cross section in pp and p–Pb collisions

The charged-particle jet cross sections are reported differentially in pch
T,jet and ηjet as

d2σ

dpch
T,jetdηjet

=
1
L

d2N
dpch

T,jetdηjet
, (5)

7



Charged-particle jet production in pp and p–Pb collisions ALICE Collaboration

Ta
bl

e
1:

Su
m

m
ar

y
of

th
e

co
nt

ri
bu

tio
ns

to
th

e
re

la
tiv

e
sy

st
em

at
ic

un
ce

rt
ai

nt
y

fo
rt

he
ch

ar
ge

d-
pa

rt
ic

le
je

tc
ro

ss
se

ct
io

n
in

pp
an

d
p–

Pb
co

lli
si

on
s,

an
d

R
ch

je
t

pP
b

fo
rR

=
0.

2,
0.

3,
an

d
0.

4.
T

he
un

ce
rt

ai
nt

ie
s

de
pe

nd
on

th
e

pch T
,je

t
an

d
th

e
ta

bl
e

sh
ow

s
re

pr
es

en
ta

tiv
e

va
lu

es
co

rr
es

po
nd

in
g

to
th

e
fir

st
an

d
la

st
pch T

,je
t

in
te

rv
al

fo
re

ac
h

je
tr

es
ol

ut
io

n
pa

ra
m

et
er

.
T

he
co

nt
ri

bu
tio

ns
ar

e
as

su
m

ed
to

be
in

de
pe

nd
en

ta
nd

ar
e

su
m

m
ed

in
qu

ad
ra

tu
re

,r
es

ul
tin

g
in

th
e

to
ta

lu
nc

er
ta

in
ty

.S
ee

te
xt

fo
rd

et
ai

ls
.

R
pch T

,je
t
(G

eV
/c

)
C

or
re

la
te

d
un

ce
rt

ai
nt

y
(%

)
Sh

ap
e

un
ce

rt
ai

nt
y

(%
)

N
or

m
.(

%
)

Tr
k.

ef
f.

Fr
ag

.
B

kg
.fl

uc
.

To
ta

l
A

lg
o.

R
eg

.p
ar

.
Pr

io
r

B
in

tr
un

c.
To

ta
l

pp

0.
2

10
–

20
5.

3
2.

1
—

5.
7

0.
06

0.
07

0.
15

0.
47

0.
50

2.
34

12
0

–
14

0
9.

7
1.

1
—

9.
8

8.
0

4.
3

0.
70

4.
3

10

0.
3

10
–

20
6.

3
1.

5
—

6.
5

0.
04

0.
05

0.
43

0.
51

0.
67

12
0

–
14

0
9.

6
0.

40
—

9.
6

9.
7

4.
1

1.
1

2.
7

11

0.
4

10
–

20
7.

3
2.

4
—

7.
7

0.
08

0.
12

0.
06

0.
44

0.
47

12
0

–
14

0
10

0.
40

—
10

9.
3

7
0.

64
1.

2
12

p–
Pb

0.
2

10
–

20
16

0.
70

0.
21

16
2.

0
0.

34
0.

22
0.

21
2.

05

3.
70

14
0

–
16

0
4.

6
0.

80
1.

3
4.

8
11

3.
9

1.
4

3.
9

12

0.
3

10
–

20
16

1.
4

0.
54

16
0.

51
0.

78
0.

24
0.

54
1.

1
14

0
–

16
0

7.
7

1.
5

0.
36

7.
9

8.
8

4.
2

1.
7

1.
9

10

0.
4

10
–

20
16

1.
7

1.
2

16
3.

9
0.

74
0.

19
0.

20
4.

0
14

0
–

16
0

9.
3

0.
60

0.
16

9.
3

3.
3

3.
3

3.
2

3.
3

6.
6

R
ch

je
t

pP
b

0.
2

10
–

20
5.

3
2.

2
0.

21
5.

8
2.

0
0.

35
0.

55
0.

51
2.

2

4.
37

12
0

–
14

0
4.

8
1.

4
1.

3
5.

2
11

4.
9

3.
1

4.
9

13

0.
3

10
–

20
6.

3
2.

1
0.

54
6.

7
0.

51
0.

78
0.

49
0.

75
1.

3
12

0
–

14
0

7.
3

1.
6

0.
36

7.
5

12
5.

7
1.

1
2.

8
14

0.
4

10
–

20
7.

3
3.

0
1.

2
8.

0
3.

9
0.

75
0.

20
0.

49
4.

0
12

0
–

14
0

9.
1

0.
72

0.
16

9.
1

10
7.

2
1.

6
2.

2
13

8



Charged-particle jet production in pp and p–Pb collisions ALICE Collaboration

where d2N/dpch
T,jetdηjet is the fully corrected pT- and η-differential charged-particle jet yield. The inte-

grated luminosity for minimum bias events is denoted by L, see Sec. 2.

The fully corrected charged-particle jet cross sections for R = 0.2, 0.3, and 0.4 in pp and p–Pb collisions
are shown in Figs. 1 and 2, respectively. The jet cross sections for larger jet resolution parameters are
scaled by arbitrary factors described in the legend for better visibility. These results are compatible
with the previous results from ALICE [19, 65] and cover a wider pch

T,jet interval, and are consistent with
the ALICE charged-particle jet measurements [25]. The measurements are compared to two theoretical
predictions:

• POWHEG+PYTHIA8: The matrix elements are computed at NLO accuracy with the POWHEG

method [66, 67] using the dijet process [68] implemented in the POWHEG BOX V2 framework [69],
and interfaced with the PYTHIA8 [45] tune A14 [70] for parton shower and fragmentation. The
simulation uses the CT14nlo [71] proton PDF set. In the case of p–Pb collisions, the EPPS16 [72]
nuclear PDF is used and the rapidity shift is taken into account. The default values of the renor-
malization and factorization scales are adopted in the results shown in this paper.

• JETSCAPE: PYTHIA8 [45] is used to generate the initial hard scattering and the underlying event.
The intermediate shower is handled by the MATTER [73, 74] model that includes parton virtuality.
After parton shower, QCD strings are formed through either a colored or a colorless hadronization
scheme. The strings are subsequently fed into PYTHIA8 for string fragmentation [75, 76]. The
JETSCAPE configuration used in this paper is referred to as the PP19 tune [77] as implemented in
JETSCAPE V3.4.1 [78]. The predictions are only shown for pp collisions.

As shown in the right panels of Figs. 1 and 2, within the uncertainties of the data, the POWHEG+PYTHIA8
predictions describe the data well, except for the lowest pch

T,jet interval 10–20 GeV/c where a maximum
discrepancy of ∼ 20% is observed in both pp and p–Pb collisions. The JETSCAPE prediction in pp
collisions overestimates the data by ∼ 50% at low pT. The magnitude of the discrepancy depends on jet
pT and the resolution parameter R.

The jet cross section ratios were evaluated by dividing the spectrum with R = 0.2 by those with other
resolution parameters as shown in Fig. 3. The left panel is for pp collisions, and the right panel is for
p–Pb collisions. In both pp and p–Pb collisions, the data are compared with the POWHEG+PYTHIA8
predictions. General agreement between data and POWHEG+PYTHIA8 predictions is observed within
uncertainties. In pp collisions, the comparison between data and JETSCAPE predictions is also pre-
sented. JETSCAPE predictions are consistent with data within uncertainties as well, but they show a
difference from the POWHEG+PYTHIA8 predictions at low pch

T,jet in 20–40 GeV/c. The cross section ratio
is sensitive to the collimation of particles around the jet axis and serves as an indirect measure of the jet
structure [79]. Since the jet spectra in the numerator are always with a smaller jet resolution parameter
R, it is expected that QCD radiation reduces this ratio below one, and that the effect decreases with the
increasing collimation of jets at high pT [33]. The ratios confirm the expected trend of increasing col-
limation with increasing transverse momentum of jets, corroborated also by the theoretical predictions.
Figure 4 shows the comparison of the cross section ratios in pp collisions and p–Pb collisions. The com-
parison shows that the energy in the jet cone distributed transverse to the jet axis in p–Pb collisions is
consistent with that in pp collisions. No sign of a modified jet structure is observed within uncertainties.

4.2 Nuclear modification factor Rch jet
pPb

The nuclear modification factor of charged-particle jets in minimum bias p–Pb collisions due to nuclear
matter effects is quantified by comparing the jet cross section in p–Pb collisions normalized by the
number of nucleons of the Pb ion, A = 208, to the jet cross section in pp collisions, known as the A-

9



Charged-particle jet production in pp and p–Pb collisions ALICE Collaboration

20 40 60 80 100 120 140

)c (GeV/ch
T,jet

p

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

10

210

310
 1− )c

m
b 

(G
eV

/
 

je
t

ηd
ch T

,je
t

pd
σ2 d

 = 2.34%sys
Lσ

 = 5.02 TeVsALICE, pp 

| < 0.5
jet

η, |TkCharged-particle jets, anti-

c > 0.15 GeV/
T, track

p| < 0.9,     
track

η|

JETSCAPE PP19 (Colored Had.)

JETSCAPE PP19 (Colorless Had.)
PYTHIA8 (Dijet, CT14nlo)+POWHEG

 = 0.2R

 10)× = 0.3 (R

)2 10× = 0.4 (R

Correlated uncertainty

Shape uncertainty

20 40 60 80 100 120 140

)c (GeV/ch
T,jet

p

0.5

1

1.5

M
C

/D
at

a

 = 0.4R

20 40 60 80 100 120 140

)c (GeV/ch

T,jet
p

0.5

1

1.5

M
C

/D
at

a

 = 0.3R

20 40 60 80 100 120 140

)c (GeV/ch

T,jet
p

0.5

1

1.5

2

M
C

/D
at

a

 = 0.2R

JETSCAPE Colored Had. JETSCAPE Colorless Had.

POWHEG+PYTHIA8
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Figure 2: Similar results as Fig. 1 for p–Pb collisions at
√

sNN = 5.02 TeV.

scaling hypothesis [12, 80],

Rch jet
pPb =

1
A

d2σpPb

dpch
T,jetdηjet

/
d2σpp

dpch
T,jetdηjet

. (6)

The jet cross sections are measured in the laboratory frame with
∣∣ηjet

∣∣ < 0.5 in both pp and p–Pb col-
lisions. As mentioned above, the laboratory frame is shifted from the center-of-mass frame in rapidity
by ∆y = 0.465 in p–Pb collisions while it is not shifted for pp collisions, resulting in different jet rapid-
ity acceptances in the center-of-mass frame between the two systems. However, this effect on Rch jet

pPb is
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Figure 4: Comparison of jet cross-section ratios between pp collisions and p–Pb collisions at
√

sNN = 5.02 TeV.
The left panel shows the ratios between jets with R = 0.2 and R = 0.3, the right panel shows the ratios between
jets with R = 0.2 and R = 0.4.

smaller than 5% [19], and it is not accounted in Eq. (6).

Figure 5 depicts the nuclear modification factors Rch jet
pPb for jets with R = 0.2, 0.3, and 0.4 as a function of

jet transverse momentum. The Rch jet
pPb is compatible with one within uncertainties in the reported trans-

verse momentum range 10 < pch
T,jet < 140 GeV/c, and it is noted to be approximately independent of jet

transverse momentum and jet resolution parameter. The Rch jet
pPb presented in this article is in agreement

with the Run 1 result [19] within uncertainties. The POWHEG+PYTHIA8 predictions are found to de-
scribe the data within uncertainties, and show that the effects of nuclear-modified PDFs introduced by
the EPPS16 have minor impact on jet production. The results also indicate that jet quenching, if present,
is below the sensitivity of the current measurement.
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Figure 5: The nuclear modification factor Rch jet
pPb of inclusive charged-particle jets as a function of pch

T,jet at
√

sNN = 5.02 TeV for R = 0.2, 0.3, and 0.4. The data measured are compared with the POWHEG+PYTHIA8
predictions calculated with CT14nlo+EPPS16 PDFs. Systematic and statistical uncertainties are shown as boxes
and error bars, respectively. The normalization uncertainty of 4.37% is shown as a box around one.

The Rch jet
pPb result reported in this paper is compared to other published experimental results currently

available. Figure 6 shows the comparison to the measurement of full jets in p–Pb collisions at
√

sNN =
5.02 TeV by the ATLAS [20] and CMS Collaborations [21] at the LHC, and d–Au collisions at

√
sNN =

200 GeV by the PHENIX Collaboration [22] at RHIC. Full jets are reconstructed with charged and
neutral components. It is important to realize that the energy scales of the ATLAS, CMS, PHENIX, and
ALICE measurements are different (jets measured by ALICE do not include neutral fragments) which
complicates a direct comparison between the measurements. The ATLAS and CMS measurements show
a hint of enhancement above one, but it has to be confirmed with higher precision measurements. It
is worth noticing that by assuming the final state particles are dominated by pions, one can roughly
estimate a scaling factor of around 1.5 between the energy of charged-particle jets and that of full jets. In
general, the ALICE measurement is in qualitative agreement with those from ATLAS and CMS within
the current experimental precision. The ALICE results shown here extend the measurements down to a
jet pT of 10 GeV/c and complement the measurements of the ATLAS and CMS Collaborations.

5 Conclusion

The inclusive pT-differential charged-particle jet production cross sections in pp and p–Pb collisions at√
sNN = 5.02 TeV were measured using the ALICE detector at the LHC. The inclusive charged-particle

jets were reconstructed with resolution parameters R = 0.2, 0.3, and 0.4. The measured charged-particle
jet cross sections are corrected for experimental effects, such as the finite detector resolution on the
jet energy scale as well as the effects of the uncorrelated background and its fluctuations. The ratios
of jet cross sections measured for different values of R in pp collisions are consistent with those in
p–Pb collisions within uncertainties, indicating no sign of jet structure modification in p–Pb collisions
within the current measurement precision. Besides, the results confirm that the higher-pT jets are more
collimated. The cross-section ratios also provide additional comparisons to theoretical predictions.

Within the current experimental precision and uncertainties, the nuclear modification factor Rch jet
pPb is

observed to be consistent with one, implying that the nuclear effects on jet production in p–Pb collisions
are below the resolution of the current measurement. The Rch jet

pPb is also found to be approximately
independent of the jet resolution parameter, and is consistent with the measurements of full jets by the
ATLAS, CMS, and PHENIX Collaborations within the kinematic region of overlap among the different
measurements. The ALICE results reported in this paper extend the jet pT reach down to 10 GeV/c and
are thus complementary to those obtained with ATLAS and CMS.
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Figure 6: Comparison of the nuclear modification factors of jets in p–Pb and d–Au measurements at the LHC
and RHIC, respectively. The boxes around the data points denote the systematic uncertainties, while the error
bars denote the statistical uncertainties. The systematic uncertainties on the normalization are shown as boxes at
RpPb = 1.

The results are well described by NLO POWHEG+PYTHIA8 predictions (for pp and p–Pb collisions),
while the JETSCAPE (for pp collisions) prediction agrees better with the data at high pT. These results
provide a constraint on initial- and final-state effects in nuclear collisions, global analysis of nPDF, and
provide a new baseline for the study of jet production in heavy-ion collisions.
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L. Šerkšnytė 96, A. Sevcenco 63, T.J. Shaba 68, A. Shabetai 104, R. Shahoyan33, A. Shangaraev 142,
A. Sharma91, B. Sharma 92, D. Sharma 47, H. Sharma 54,108, M. Sharma 92, S. Sharma 77,
S. Sharma 92, U. Sharma 92, A. Shatat 73, O. Sheibani116, K. Shigaki 93, M. Shimomura78, J. Shin12,
S. Shirinkin 142, Q. Shou 40, Y. Sibiriak 142, S. Siddhanta 52, T. Siemiarczuk 80, T.F. Silva 111,
D. Silvermyr 76, T. Simantathammakul106, R. Simeonov 37, B. Singh92, B. Singh 96, K. Singh 48,
R. Singh 81, R. Singh 92, R. Singh 48, S. Singh 16, V.K. Singh 134, V. Singhal 134, T. Sinha 100,
B. Sitar 13, M. Sitta 132,56, T.B. Skaali20, G. Skorodumovs 95, M. Slupecki 44, N. Smirnov 139,
R.J.M. Snellings 59, E.H. Solheim 20, J. Song 116, A. Songmoolnak106, C. Sonnabend 33,98,
F. Soramel 28, A.B. Soto-hernandez 89, R. Spijkers 85, I. Sputowska 108, J. Staa 76, J. Stachel 95,
I. Stan 63, P.J. Steffanic 122, S.F. Stiefelmaier 95, D. Stocco 104, I. Storehaug 20, P. Stratmann 137,
S. Strazzi 26, A. Sturniolo 31,53, C.P. Stylianidis85, A.A.P. Suaide 111, C. Suire 73, M. Sukhanov 142,
M. Suljic 33, R. Sultanov 142, V. Sumberia 92, S. Sumowidagdo 83, S. Swain61, I. Szarka 13,
M. Szymkowski 135, S.F. Taghavi 96, G. Taillepied 98, J. Takahashi 112, G.J. Tambave 81, S. Tang 6,
Z. Tang 120, J.D. Tapia Takaki 118, N. Tapus126, L.A. Tarasovicova 137, M.G. Tarzila 46, G.F. Tassielli 32,
A. Tauro 33, G. Tejeda Muñoz 45, A. Telesca 33, L. Terlizzi 25, C. Terrevoli 116, S. Thakur 4,
D. Thomas 109, A. Tikhonov 142, A.R. Timmins 116, M. Tkacik107, T. Tkacik 107, A. Toia 64,
R. Tokumoto93, K. Tomohiro93, N. Topilskaya 142, M. Toppi 49, T. Tork 73, V.V. Torres 104,
A.G. Torres Ramos 32, A. Trifiró 31,53, A.S. Triolo 33,31,53, S. Tripathy 51, T. Tripathy 47, S. Trogolo 33,
V. Trubnikov 3, W.H. Trzaska 117, T.P. Trzcinski 135, A. Tumkin 142, R. Turrisi 54, T.S. Tveter 20,
K. Ullaland 21, B. Ulukutlu 96, A. Uras 128, G.L. Usai 23, M. Vala38, N. Valle 22, L.V.R. van
Doremalen59, M. van Leeuwen 85, C.A. van Veen 95, R.J.G. van Weelden 85, P. Vande Vyvre 33,
D. Varga 138, Z. Varga 138, M. Vasileiou 79, A. Vasiliev 142, O. Vázquez Doce 49, V. Vechernin 142,
E. Vercellin 25, S. Vergara Limón45, R. Verma47, L. Vermunt 98, R. Vértesi 138, M. Verweij 59,
L. Vickovic34, Z. Vilakazi123, O. Villalobos Baillie 101, A. Villani 24, G. Vino 50, A. Vinogradov 142,
T. Virgili 29, M.M.O. Virta 117, V. Vislavicius76, A. Vodopyanov 143, B. Volkel 33, M.A. Völkl 95,
K. Voloshin142, S.A. Voloshin 136, G. Volpe 32, B. von Haller 33, I. Vorobyev 96, N. Vozniuk 142,
J. Vrláková 38, J. Wan40, C. Wang 40, D. Wang40, Y. Wang 40, Y. Wang 6, A. Wegrzynek 33,
F.T. Weiglhofer39, S.C. Wenzel 33, J.P. Wessels 137, S.L. Weyhmiller 139, J. Wiechula 64, J. Wikne 20,
G. Wilk 80, J. Wilkinson 98, G.A. Willems 137, B. Windelband 95, M. Winn 130, J.R. Wright 109,
W. Wu40, Y. Wu 120, R. Xu 6, A. Yadav 43, A.K. Yadav 134, S. Yalcin 72, Y. Yamaguchi 93, S. Yang21,

22

https://orcid.org/0000-0002-0343-2082
https://orcid.org/0000-0003-1180-3469
https://orcid.org/0009-0000-8571-0316
https://orcid.org/0000-0002-2540-2394
https://orcid.org/0000-0002-5166-5788
https://orcid.org/0000-0002-7923-3960
https://orcid.org/0000-0002-1461-3743
https://orcid.org/0000-0002-5078-3336
https://orcid.org/0000-0002-7116-899X
https://orcid.org/0000-0003-0759-2283
https://orcid.org/0009-0009-0033-8291
https://orcid.org/0000-0003-2868-2819
https://orcid.org/0000-0003-3709-5130
https://orcid.org/0000-0001-8817-5013
https://orcid.org/0009-0001-4054-2336
https://orcid.org/0000-0002-2291-6955
https://orcid.org/0000-0002-0452-3103
https://orcid.org/0000-0003-4903-9865
https://orcid.org/0009-0004-8574-2392
https://orcid.org/0000-0002-9067-0803
https://orcid.org/0000-0001-8923-4003
https://orcid.org/0000-0001-7454-4324
https://orcid.org/0000-0003-4080-6562
https://orcid.org/0000-0003-3161-9183
https://orcid.org/0000-0002-1832-595X
https://orcid.org/0009-0002-4224-5527
https://orcid.org/0000-0003-0414-5525
https://orcid.org/0000-0002-4512-9620
https://orcid.org/0000-0003-0425-5724
https://orcid.org/0000-0002-2646-6189
https://orcid.org/0000-0002-3362-7411
https://orcid.org/0009-0006-2531-9642
https://orcid.org/0000-0002-3224-7089
https://orcid.org/0000-0002-7394-8834
https://orcid.org/0000-0003-0607-2841
https://orcid.org/0000-0002-1539-9275
https://orcid.org/0000-0002-6179-150X
https://orcid.org/0000-0002-0458-538X
https://orcid.org/0000-0003-1752-4524
https://orcid.org/0000-0002-8118-9049
https://orcid.org/0009-0001-8066-416X
https://orcid.org/0000-0003-1401-5900
https://orcid.org/0000-0002-0793-8275
https://orcid.org/0000-0001-9765-5668
https://orcid.org/0009-0006-9583-114X
https://orcid.org/0000-0003-4484-6430
https://orcid.org/0000-0003-2325-8680
https://orcid.org/0000-0002-6101-5981
https://orcid.org/0000-0003-2864-8565
https://orcid.org/0000-0001-9561-2533
https://orcid.org/0000-0001-6792-7773
https://orcid.org/0000-0002-0118-3131
https://orcid.org/0009-0002-0635-0231
https://orcid.org/0000-0001-6120-4726
https://orcid.org/0000-0002-3358-7667
https://orcid.org/0000-0002-6656-2888
https://orcid.org/0000-0002-8102-9686
https://orcid.org/0000-0002-2629-1710
https://orcid.org/0000-0002-8074-3036
https://orcid.org/0000-0002-5263-3593
https://orcid.org/0009-0006-8025-735X
https://orcid.org/0000-0001-9808-1811
https://orcid.org/0009-0007-9874-9819
https://orcid.org/0000-0002-8142-6374
https://orcid.org/0000-0002-5208-6657
https://orcid.org/0009-0008-3492-3758
https://orcid.org/0000-0003-1868-8678
https://orcid.org/0009-0002-1824-0822
https://orcid.org/0009-0009-8085-4316
https://orcid.org/0000-0002-9760-645X
https://orcid.org/0009-0003-8557-9743
https://orcid.org/0000-0002-9596-1060
https://orcid.org/0000-0001-7803-9640
https://orcid.org/0000-0002-4680-4413
https://orcid.org/0000-0002-4278-5999
https://orcid.org/0000-0002-0649-2283
https://orcid.org/0000-0003-4101-0160
https://orcid.org/0000-0003-4966-9584
https://orcid.org/0000-0002-2361-2662
https://orcid.org/0000-0002-4433-2133
https://orcid.org/0009-0005-4525-6661
https://orcid.org/0000-0001-5245-8441
https://orcid.org/0000-0002-6467-2418
https://orcid.org/0000-0002-6732-2915
https://orcid.org/0000-0002-6067-6294
https://orcid.org/0000-0002-1142-3186
https://orcid.org/0009-0002-1397-8334
https://orcid.org/0000-0001-9874-7249
https://orcid.org/0000-0002-6365-3258
https://orcid.org/0000-0001-7082-5890
https://orcid.org/0000-0002-6993-0332
https://orcid.org/0000-0003-3858-4278
https://orcid.org/0000-0002-7492-974X
https://orcid.org/0000-0001-8678-6400
https://orcid.org/0009-0006-8982-9510
https://orcid.org/0000-0002-3028-8776
https://orcid.org/0000-0003-3076-0505
https://orcid.org/0000-0001-7493-5552
https://orcid.org/0009-0003-8783-0807
https://orcid.org/0000-0002-3274-9986
https://orcid.org/0000-0003-3346-3645
https://orcid.org/0000-0002-6799-3903
https://orcid.org/0000-0002-6781-416X
https://orcid.org/0000-0001-8769-0865
https://orcid.org/0000-0003-2512-5451
https://orcid.org/0009-0005-0580-829X
https://orcid.org/0000-0002-4159-3549
https://orcid.org/0000-0001-7383-4418
https://orcid.org/0000-0003-3699-0598
https://orcid.org/0000-0003-3334-0661
https://orcid.org/0000-0001-8980-1362
https://orcid.org/0000-0003-3546-3390
https://orcid.org/0000-0003-3266-9959
https://orcid.org/0000-0003-1380-0392
https://orcid.org/0000-0002-8111-5576
https://orcid.org/0000-0002-5018-6902
https://orcid.org/0009-0006-6858-7049
https://orcid.org/0000-0001-9523-8633
https://orcid.org/0000-0002-3191-4513
https://orcid.org/0000-0001-9879-1119
https://orcid.org/0000-0001-8438-3966
https://orcid.org/0000-0003-1419-2085
https://orcid.org/0000-0003-3266-1332
https://orcid.org/0000-0003-1184-9627
https://orcid.org/0009-0009-3728-8849
https://orcid.org/0000-0003-1230-4274
https://orcid.org/0000-0002-2295-6199
https://orcid.org/0000-0001-5335-1515
https://orcid.org/0000-0002-5795-4871
https://orcid.org/0000-0001-9093-4461
https://orcid.org/0000-0002-4791-5481
https://orcid.org/0000-0002-4766-5128
https://orcid.org/0000-0002-6638-2932
https://orcid.org/0000-0001-9935-6995
https://orcid.org/0000-0003-0144-0713
https://orcid.org/0000-0001-9015-9610
https://orcid.org/0000-0003-1423-6973
https://orcid.org/0009-0000-9692-8812
https://orcid.org/0000-0002-4738-6209
https://orcid.org/0000-0002-8042-4924
https://orcid.org/0000-0003-1907-9786
https://orcid.org/0000-0002-6368-3350
https://orcid.org/0000-0002-5546-6524
https://orcid.org/0000-0002-5657-5351
https://orcid.org/0000-0002-4151-1056
https://orcid.org/0000-0003-2290-9031
https://orcid.org/0000-0003-3069-726X
https://orcid.org/0000-0002-5053-7506
https://orcid.org/0000-0002-0982-7210
https://orcid.org/0009-0001-9105-0729
https://orcid.org/0000-0003-2753-4283
https://orcid.org/0000-0002-8256-8200
https://orcid.org/0000-0003-4408-3373
https://orcid.org/0000-0002-7159-6839
https://orcid.org/0000-0001-7686-070X
https://orcid.org/0000-0001-7432-6669
https://orcid.org/0000-0001-8416-8617
https://orcid.org/0009-0006-0106-6054
https://orcid.org/0000-0001-5128-6238
https://orcid.org/0000-0002-3348-1221
https://orcid.org/0000-0002-0543-9245
https://orcid.org/0000-0002-2014-5229
https://orcid.org/0000-0002-7643-2198
https://orcid.org/0000-0002-0526-5791
https://orcid.org/0000-0001-7729-5503
https://orcid.org/0000-0001-8997-0019
https://orcid.org/0009-0004-7735-3856
https://orcid.org/0009-0007-7617-1577
https://orcid.org/0000-0002-6904-9879
https://orcid.org/0000-0002-6746-6847
https://orcid.org/0009-0001-4926-5101
https://orcid.org/0000-0002-5783-3551
https://orcid.org/0000-0002-6315-9671
https://orcid.org/0000-0002-1290-8388
https://orcid.org/0009-0002-7519-0796
https://orcid.org/0000-0002-4175-148X
https://orcid.org/0000-0001-5747-4096
https://orcid.org/0000-0003-2966-8445
https://orcid.org/0000-0002-1361-0305
https://orcid.org/0000-0001-9720-0604
https://orcid.org/0000-0001-6002-8732
https://orcid.org/0000-0002-2847-2291
https://orcid.org/0000-0002-5021-3691
https://orcid.org/0000-0002-1018-0987
https://orcid.org/0009-0007-7647-1545
https://orcid.org/0000-0001-8625-763X
https://orcid.org/0000-0002-7590-7171
https://orcid.org/0000-0001-8476-3547
https://orcid.org/0000-0003-0750-6664
https://orcid.org/0000-0003-1336-4092
https://orcid.org/0000-0002-6814-1040
https://orcid.org/0000-0003-2269-1490
https://orcid.org/0000-0002-5377-5163
https://orcid.org/0000-0002-3254-7305
https://orcid.org/0009-0002-1978-3351
https://orcid.org/0000-0003-2329-0330
https://orcid.org/0000-0001-7417-8424
https://orcid.org/0000-0003-2847-6556
https://orcid.org/0000-0003-1675-503X
https://orcid.org/0000-0002-4506-8071
https://orcid.org/0000-0002-4490-1930
https://orcid.org/0009-0004-0598-9003
https://orcid.org/0000-0001-6779-208X
https://orcid.org/0000-0003-4252-8877
https://orcid.org/0009-0006-4361-0257
https://orcid.org/0000-0002-5778-9976
https://orcid.org/0000-0003-2642-5720
https://orcid.org/0000-0003-3470-2230
https://orcid.org/0000-0002-4091-1779
https://orcid.org/0000-0001-7174-3379
https://orcid.org/0000-0002-9413-9534
https://orcid.org/0000-0002-4247-0081
https://orcid.org/0000-0002-0098-4279
https://orcid.org/0000-0001-5086-8658
https://orcid.org/0000-0002-8865-9613
https://orcid.org/0000-0003-3410-6754
https://orcid.org/0009-0000-3124-9093
https://orcid.org/0000-0003-2184-3106
https://orcid.org/0000-0002-6783-7230
https://orcid.org/0000-0003-4119-7228
https://orcid.org/0000-0002-1318-684X
https://orcid.org/0009-0008-2329-5039
https://orcid.org/0000-0003-3408-3097
https://orcid.org/0000-0001-7799-8858
https://orcid.org/0000-0003-1305-8757
https://orcid.org/0000-0001-8308-7882
https://orcid.org/0000-0001-9567-3360
https://orcid.org/0000-0002-5137-3582
https://orcid.org/0000-0002-0392-0895
https://orcid.org/0000-0001-9753-329X
https://orcid.org/0009-0004-4214-5782
https://orcid.org/0000-0003-3997-0883
https://orcid.org/0000-0003-1078-1157
https://orcid.org/0009-0002-7570-5972
https://orcid.org/0000-0002-0061-5107
https://orcid.org/0000-0002-6719-7130
https://orcid.org/0000-0001-7474-5361
https://orcid.org/0009-0008-8143-0956
https://orcid.org/0000-0003-0672-9137
https://orcid.org/0000-0002-1486-8906
https://orcid.org/0009-0003-5260-2476
https://orcid.org/0000-0002-5272-337X
https://orcid.org/0009-0003-7140-8644
https://orcid.org/0000-0002-0002-8834
https://orcid.org/0000-0001-9554-2256
https://orcid.org/0000-0001-7552-0228
https://orcid.org/0000-0002-8659-8378
https://orcid.org/0000-0003-4041-4788
https://orcid.org/0000-0002-5222-4888
https://orcid.org/0000-0003-1199-4445
https://orcid.org/0000-0003-4389-203X
https://orcid.org/0000-0001-7277-7706
https://orcid.org/0000-0002-2450-1331
https://orcid.org/0000-0002-1501-5569
https://orcid.org/0000-0002-3160-8524
https://orcid.org/0009-0000-1676-234X
https://orcid.org/0000-0001-6459-8134
https://orcid.org/0000-0003-1458-8055
https://orcid.org/0000-0002-9030-5347
https://orcid.org/0000-0002-2640-1342
https://orcid.org/0000-0003-3706-5265
https://orcid.org/0000-0002-1504-3420
https://orcid.org/0000-0002-0983-6504
https://orcid.org/0000-0002-8324-3117
https://orcid.org/0000-0002-8470-3648
https://orcid.org/0000-0002-8850-8540
https://orcid.org/0000-0003-0471-7052
https://orcid.org/0000-0002-5568-8071
https://orcid.org/0009-0003-4952-2563
https://orcid.org/0000-0002-8982-5548
https://orcid.org/0000-0002-3478-4259
https://orcid.org/0000-0002-1330-9096
https://orcid.org/0000-0002-2921-2475
https://orcid.org/0000-0002-3422-4585
https://orcid.org/0000-0002-2218-6905
https://orcid.org/0000-0002-2784-4516
https://orcid.org/0000-0002-5846-8496
https://orcid.org/0000-0001-5383-0970
https://orcid.org/0000-0002-6296-082X
https://orcid.org/0000-0003-0273-9709
https://orcid.org/0000-0002-3155-0887
https://orcid.org/0000-0002-3495-4131
https://orcid.org/0000-0003-1339-286X
https://orcid.org/0000-0001-5405-3480
https://orcid.org/0009-0001-9201-8114
https://orcid.org/0009-0005-9617-3102
https://orcid.org/0000-0001-5584-2860
https://orcid.org/0000-0003-0689-2858
https://orcid.org/0009-0000-9939-3892
https://orcid.org/0009-0007-2759-5453
https://orcid.org/0000-0002-2207-0101
https://orcid.org/0009-0006-9351-6517
https://orcid.org/0000-0003-2991-9849
https://orcid.org/0000-0003-4674-9482
https://orcid.org/0009-0008-3651-056X
https://orcid.org/0009-0003-9300-0439
https://orcid.org/0000-0001-8905-8089
https://orcid.org/0009-0009-3842-7345


Charged-particle jet production in pp and p–Pb collisions ALICE Collaboration

S. Yano 93, Z. Yin 6, I.-K. Yoo 17, J.H. Yoon 58, H. Yu12, S. Yuan21, A. Yuncu 95, V. Zaccolo 24,
C. Zampolli 33, F. Zanone 95, N. Zardoshti 33, A. Zarochentsev 142, P. Závada 62, N. Zaviyalov142,
M. Zhalov 142, B. Zhang 6, C. Zhang 130, L. Zhang 40, S. Zhang 40, X. Zhang 6, Y. Zhang120,
Z. Zhang 6, M. Zhao 10, V. Zherebchevskii 142, Y. Zhi10, D. Zhou 6, Y. Zhou 84, J. Zhu 98,6, Y. Zhu6,
S.C. Zugravel 56, N. Zurlo 133,55

Affiliation Notes
I Also at: Max-Planck-Institut für Physik, Munich, Germany
II Also at: Italian National Agency for New Technologies, Energy and Sustainable Economic Development
(ENEA), Bologna, Italy
III Also at: Dipartimento DET del Politecnico di Torino, Turin, Italy
IV Also at: Department of Applied Physics, Aligarh Muslim University, Aligarh, India
V Also at: Institute of Theoretical Physics, University of Wroclaw, Poland
VI Also at: An institution covered by a cooperation agreement with CERN

Collaboration Institutes
1 A.I. Alikhanyan National Science Laboratory (Yerevan Physics Institute) Foundation, Yerevan, Armenia
2 AGH University of Science and Technology, Cracow, Poland
3 Bogolyubov Institute for Theoretical Physics, National Academy of Sciences of Ukraine, Kiev, Ukraine
4 Bose Institute, Department of Physics and Centre for Astroparticle Physics and Space Science (CAPSS),
Kolkata, India
5 California Polytechnic State University, San Luis Obispo, California, United States
6 Central China Normal University, Wuhan, China
7 Centro de Aplicaciones Tecnológicas y Desarrollo Nuclear (CEADEN), Havana, Cuba
8 Centro de Investigación y de Estudios Avanzados (CINVESTAV), Mexico City and Mérida, Mexico
9 Chicago State University, Chicago, Illinois, United States
10 China Institute of Atomic Energy, Beijing, China
11 China University of Geosciences, Wuhan, China
12 Chungbuk National University, Cheongju, Republic of Korea
13 Comenius University Bratislava, Faculty of Mathematics, Physics and Informatics, Bratislava, Slovak Republic
14 COMSATS University Islamabad, Islamabad, Pakistan
15 Creighton University, Omaha, Nebraska, United States
16 Department of Physics, Aligarh Muslim University, Aligarh, India
17 Department of Physics, Pusan National University, Pusan, Republic of Korea
18 Department of Physics, Sejong University, Seoul, Republic of Korea
19 Department of Physics, University of California, Berkeley, California, United States
20 Department of Physics, University of Oslo, Oslo, Norway
21 Department of Physics and Technology, University of Bergen, Bergen, Norway
22 Dipartimento di Fisica, Università di Pavia, Pavia, Italy
23 Dipartimento di Fisica dell’Università and Sezione INFN, Cagliari, Italy
24 Dipartimento di Fisica dell’Università and Sezione INFN, Trieste, Italy
25 Dipartimento di Fisica dell’Università and Sezione INFN, Turin, Italy
26 Dipartimento di Fisica e Astronomia dell’Università and Sezione INFN, Bologna, Italy
27 Dipartimento di Fisica e Astronomia dell’Università and Sezione INFN, Catania, Italy
28 Dipartimento di Fisica e Astronomia dell’Università and Sezione INFN, Padova, Italy
29 Dipartimento di Fisica ‘E.R. Caianiello’ dell’Università and Gruppo Collegato INFN, Salerno, Italy
30 Dipartimento DISAT del Politecnico and Sezione INFN, Turin, Italy
31 Dipartimento di Scienze MIFT, Università di Messina, Messina, Italy
32 Dipartimento Interateneo di Fisica ‘M. Merlin’ and Sezione INFN, Bari, Italy
33 European Organization for Nuclear Research (CERN), Geneva, Switzerland
34 Faculty of Electrical Engineering, Mechanical Engineering and Naval Architecture, University of Split, Split,
Croatia
35 Faculty of Engineering and Science, Western Norway University of Applied Sciences, Bergen, Norway

23

https://orcid.org/0000-0002-5563-1884
https://orcid.org/0000-0003-4532-7544
https://orcid.org/0000-0002-2835-5941
https://orcid.org/0000-0001-7676-0821
https://orcid.org/0000-0001-9696-9331
https://orcid.org/0000-0003-3128-3157
https://orcid.org/0000-0002-2608-4834
https://orcid.org/0009-0005-9061-1060
https://orcid.org/0009-0006-3929-209X
https://orcid.org/0000-0002-3502-8084
https://orcid.org/0000-0002-8296-2128
https://orcid.org/0000-0003-0419-321X
https://orcid.org/0000-0001-6097-1878
https://orcid.org/0000-0002-6925-1110
https://orcid.org/0000-0002-5806-6403
https://orcid.org/0000-0003-2782-7801
https://orcid.org/0000-0002-1881-8711
https://orcid.org/0009-0006-9719-0104
https://orcid.org/0000-0002-2858-2167
https://orcid.org/0000-0002-6021-5113
https://orcid.org/0009-0009-2528-906X
https://orcid.org/0000-0002-7868-6706
https://orcid.org/0000-0001-9358-5762
https://orcid.org/0000-0002-3352-9846
https://orcid.org/0000-0002-7478-2493


Charged-particle jet production in pp and p–Pb collisions ALICE Collaboration

36 Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague, Prague, Czech
Republic
37 Faculty of Physics, Sofia University, Sofia, Bulgaria
38 Faculty of Science, P.J. Šafárik University, Košice, Slovak Republic
39 Frankfurt Institute for Advanced Studies, Johann Wolfgang Goethe-Universität Frankfurt, Frankfurt, Germany
40 Fudan University, Shanghai, China
41 Gangneung-Wonju National University, Gangneung, Republic of Korea
42 Gauhati University, Department of Physics, Guwahati, India
43 Helmholtz-Institut für Strahlen- und Kernphysik, Rheinische Friedrich-Wilhelms-Universität Bonn, Bonn,
Germany
44 Helsinki Institute of Physics (HIP), Helsinki, Finland
45 High Energy Physics Group, Universidad Autónoma de Puebla, Puebla, Mexico
46 Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania
47 Indian Institute of Technology Bombay (IIT), Mumbai, India
48 Indian Institute of Technology Indore, Indore, India
49 INFN, Laboratori Nazionali di Frascati, Frascati, Italy
50 INFN, Sezione di Bari, Bari, Italy
51 INFN, Sezione di Bologna, Bologna, Italy
52 INFN, Sezione di Cagliari, Cagliari, Italy
53 INFN, Sezione di Catania, Catania, Italy
54 INFN, Sezione di Padova, Padova, Italy
55 INFN, Sezione di Pavia, Pavia, Italy
56 INFN, Sezione di Torino, Turin, Italy
57 INFN, Sezione di Trieste, Trieste, Italy
58 Inha University, Incheon, Republic of Korea
59 Institute for Gravitational and Subatomic Physics (GRASP), Utrecht University/Nikhef, Utrecht, Netherlands
60 Institute of Experimental Physics, Slovak Academy of Sciences, Košice, Slovak Republic
61 Institute of Physics, Homi Bhabha National Institute, Bhubaneswar, India
62 Institute of Physics of the Czech Academy of Sciences, Prague, Czech Republic
63 Institute of Space Science (ISS), Bucharest, Romania
64 Institut für Kernphysik, Johann Wolfgang Goethe-Universität Frankfurt, Frankfurt, Germany
65 Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México, Mexico City, Mexico
66 Instituto de Física, Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre, Brazil
67 Instituto de Física, Universidad Nacional Autónoma de México, Mexico City, Mexico
68 iThemba LABS, National Research Foundation, Somerset West, South Africa
69 Jeonbuk National University, Jeonju, Republic of Korea
70 Johann-Wolfgang-Goethe Universität Frankfurt Institut für Informatik, Fachbereich Informatik und
Mathematik, Frankfurt, Germany
71 Korea Institute of Science and Technology Information, Daejeon, Republic of Korea
72 KTO Karatay University, Konya, Turkey
73 Laboratoire de Physique des 2 Infinis, Irène Joliot-Curie, Orsay, France
74 Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS-IN2P3, Grenoble,
France
75 Lawrence Berkeley National Laboratory, Berkeley, California, United States
76 Lund University Department of Physics, Division of Particle Physics, Lund, Sweden
77 Nagasaki Institute of Applied Science, Nagasaki, Japan
78 Nara Women’s University (NWU), Nara, Japan
79 National and Kapodistrian University of Athens, School of Science, Department of Physics , Athens, Greece
80 National Centre for Nuclear Research, Warsaw, Poland
81 National Institute of Science Education and Research, Homi Bhabha National Institute, Jatni, India
82 National Nuclear Research Center, Baku, Azerbaijan
83 National Research and Innovation Agency - BRIN, Jakarta, Indonesia
84 Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark
85 Nikhef, National institute for subatomic physics, Amsterdam, Netherlands
86 Nuclear Physics Group, STFC Daresbury Laboratory, Daresbury, United Kingdom
87 Nuclear Physics Institute of the Czech Academy of Sciences, Husinec-Řež, Czech Republic
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