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The production of prompt charged particles in proton-lead collisions and in proton-proton collisions at
the nucleon-nucleon center-of-mass energy

ffiffiffiffiffiffiffiffi

sNN
p ¼ 5 TeV is studied at LHCb as a function of

pseudorapidity (η) and transverse momentum (pT ) with respect to the proton beam direction. The nuclear
modification factor for charged particles is determined as a function of η between −4.8 < η < −2.5
(backward region) and 2.0 < η < 4.8 (forward region), and pT between 0.2 < pT < 8.0 GeV=c. The
results show a suppression of charged particle production in proton-lead collisions relative to proton-proton
collisions in the forward region and an enhancement in the backward region for pT larger than 1.5 GeV=c.
This measurement constrains nuclear PDFs and saturation models at previously unexplored values of the
parton momentum fraction down to 10−6.

DOI: 10.1103/PhysRevLett.128.142004

Charged particle production in hadronic collisions is a
fundamental observable for studying the properties of the
strong interaction governed by quantum chromodynamics
(QCD). In high-energy collisions at the Large Hadron
Collider (LHC), charged particles can be produced in soft
and hard interactions which correspond to small and large
momentum exchanges between the interacting partons of
the hadrons, respectively. While hard interactions can be
described by perturbative QCD (PQCD), the soft regime is
less well understood and predictions currently rely on
phenomenological considerations [1,2]. Even at LHC
energies, charged particles from soft interactions dominate
over those from hard interactions. For this reason, exper-
imental input is crucial to improve models and generators
for hadron collider and cosmic ray physics [3–5].

The study of the hard regime, which corresponds to
charged particles of high transverse momentum (pT) with
respect to the axis of the colliding hadrons, provides
valuable information on the physics of heavy-ion collisions
[6]. Modifications of the charged particle production rate in
proton-lead (p-Pb) collisions relative to proton-proton (pp)
collisions can be modeled assuming a variety of cold
nuclear matter (CNM) effects [7,8]. Recent indications
of collective fluidlike phenomena in small systems suggest
the presence of dynamics not generally classified as CNM
effects but as signatures of a quark gluon plasma [9].

For charged particles, these modifications are generally
associated with initial-state effects, parameterized in
nuclear parton distribution functions (NPDFs) [10–12].
Other nuclear effects are related to initial- or final-state
multiple scatterings of incoming and outgoing partons
[13,14], and could manifest in a Cronin enhancement
[15]. Another approach considers models based on parton
saturation, an effect arising at low values of the parton
momentum fraction, x, and heavy nuclei [16]. In this
regime, the QCD dynamics can be described by the color
glass condensate (CGC) effective field theory [17]. Pion
production at central rapidity [18] is well described by
modified NPDFs, energy loss, and CGC calculations
[10,11,19,20]. Low values of x, where saturation effects
are most likely to occur, can be probed with high-energy
collisions at the most forward rapidities.
Previous studies at the LHC [21–23] have measured

prompt charged particle production in p-Pb collisions at
the center-of-mass energy in the nucleon-nucleon system
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5 TeV in the central pseudorapidity region. At the
Relativistic Heavy Ion Collider (RHIC), measurements with
deuteron-gold and proton-gold (p-Au) collisions at more
forward rapidities but lower energy (

ffiffiffiffiffiffiffiffi

sNN
p ¼ 200 GeV)

have been performed [24–26]. The LHCb experiment can
uniquely probe the lowest x ranges currently accessible,
given its forward rapidity coverage and higher collision
energy.
This Letter presents the measurement of the prompt

charged particle spectra in p-Pb and pp collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5 TeV in the 0.2 < pT < 8.0 GeV=c range, thus
covering the soft and hard production regimes. The p-Pb
measurement covers the backward pseudorapidity range of
−5.2 < η < −2.5, where the lead beam enters the LHCb
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spectrometer at the interaction point, and the forward
pseudorapidity range of 1.6 < η < 4.3, where the proton
beam enters the LHCb spectrometer at the interaction point.
The pp measurement spans over 2.0 < η < 4.8, and
complements the recent measurement of prompt charged
particle production at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 13 TeV [27]. Throughout

the text η is expressed in the nucleon-nucleon center-of-
mass system, and is related with the pseudorapidity in the
laboratory frame ηlab by η ¼ ηlab − 0.465 for p-Pb and
η ¼ ηlab for pp collisions.
The double-differential production cross section for

prompt charged particles is measured as

d2σchðη; pTÞ
dpTdη

≡ 1

L
Nchðη; pTÞ
ΔpTΔη

: ð1Þ

Here, Nch is the number of prompt charged particles
produced in a given interval of η and pT , Δη, and ΔpT ,
respectively, and L is the integrated luminosity of the
corresponding data sample. In this study a prompt charged
particle is any charged hadron or lepton with a mean
lifetime above 0.3 × 10−10 s produced directly in the
collision or from decays of shorter-lifetime particles
[28]. The nuclear modification factor, RpPb, is defined as

RpPbðη; pTÞ≡ 1

A

d2σchpPbðη; pTÞ=dpTdη

d2σchppðη; pTÞ=dpTdη
; ð2Þ

where A ¼ 208 is the number of nucleons in the lead ion
and d2σchp-Pb;ppðη; pTÞ=dpTdη is the double-differential
cross section in p-Pb and pp collisions, respectively.
The LHCb detector is a single-arm forward spectrometer

described in Refs. [29,30]. The detector elements that are
particularly relevant to this analysis are a silicon-strip
vertex detector (VELO) surrounding the interaction region
that allows the determination of the position of the collision
point, known as the primary vertex (PV), a tracking system
that provides a measurement of the momentum, p, of
charged particles and two ring-imaging Cherenkov detec-
tors that are able to discriminate between different species
of charged particles.
The corresponding integrated luminosity for the

forward (backward) p-Pb data sample is 42.7� 1.0 μb−1

(38.7� 1.0 μb−1) [31], where the uncertainties are uncor-
related between the two data samples. Events are required
to pass a minimum-bias trigger which requires at least one
reconstructed track in the VELO detector. Additionally,
only events with one reconstructed PV within 3 standard
deviations from the mean PV position of the full sample are
considered.
The pp data correspond to an integrated luminosity of

3.49� 0.07 nb−1. An unbiased trigger for pp events is
used to select every leading bunch crossing that occurred

during the data taking period, thus avoiding potential
contamination between neighboring bunches.
Simulation is used to model the reconstruction effi-

ciency, the effects of the selection requirements, and the
contribution from background tracks. In the simulation,
p-Pb collisions are generated using EPOS LHC [32], while
pp collisions are generated using PYTHIA [33] with a
specific LHCb configuration [34]. Particle decays are
described by EVTGEN [35], while the interaction of particles
with the detector, and its response in simulation, are
implemented using the GEANT4 toolkit [36,37] as described
in Ref. [38].
Prompt charged particle candidates are defined as tracks

with hits in the VELO and the tracking stations after the
LHCb detector dipole. This last condition requires the
measured particle to have p > 2 GeV=c. Background
contributions due to fake tracks and secondary particles
are considered in this study. Fake tracks are reconstruction
artifacts that do not correspond to actual charged particles,
which are particularly relevant for large detector occupan-
cies and in the high-pT region. Secondary particles are
tracks produced by charged particles that do not meet the
prompt particle definition and originate from interactions of
particles with the detector material or from decays of
prompt particles.
A selection is applied to reduce these background

contributions. Fake tracks are suppressed with a tight
requirement on the output of a neural-net based algorithm
(ghost probability) [39]. To suppress further the fake track
background, when two or more candidates from the same
event share a segment reconstructed in the VELO, only the
candidate with the best track fit quality is retained.
Secondary particles are reduced by requiring small impact
parameters with respect to the mean of the PV distribution
in the full sample. This criterion is particularly effective at
removing hadrons produced in decays of prompt K0

S and Λ
particles and in interactions of hadrons with the detector
material without inducing a bias by requiring a PV.
The prompt charged particle yield, Nch, for the p-Pb and

pp samples is obtained from the number of candidates,
which is corrected with the reconstruction efficiency,
the selection efficiency, and the signal purity. The
reconstruction efficiency accounts for detector inefficiencies
or acceptance effects. The track-finding efficiency from
simulation is corrected with a tag-and-probemethod applied
to data and simulation in two-dimensional intervals of ηlab
and pT using J=ψ → μþμ− decays in the range 5 < p <
200 GeV=c [40]. Since the reconstruction efficiency
depends on the detector occupancy, the simulated samples
are weighted to reproduce the occupancy distributions from
different LHCb subdetectors in data. Additionally, the
reconstruction efficiency depends on the particle type.
The relative abundance of particles determined from sim-
ulation are validated with data from the ALICE [41–44] and
LHCb [45] experiments. The LHCb PYTHIA tune for pp
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collisions does not reproduce the kaon and prompt hyperons
relative abundance at highpT in data. Therefore, a dedicated
simulated sample generated with EPOS-LHC [32] is used to
parameterize the particle composition in pp collisions. The
relative abundances produced with the EPOS-LHC gener-
ator are in agreement with the data within 30% in pp and
p-Pb collisions. As a cross-check, the relative abundances
from EPOS-LHC in the LHCb acceptance are found to be
compatible with those produced with PYTHIA using the rope
hadronization model [46,47]. The use of the uncorrected
LHCb PYTHIA tune would imply an overestimation of the
reconstruction efficiency up to a 7% at high pT .
The selection efficiency accounts for the fraction of

prompt charged particles removed from the candidate
sample by the selection. The efficiency is estimated using
simulation and a dedicated calibration procedure using a
tag-and-probe technique applied to ϕð1020Þ → KþK−

decays in data and simulation.
The signal purity is determined in simulation and

corrected with background-enriched samples of data.
Two independent samples dominated by fake tracks are
constructed: using tracks with high ghost probability, and
tracks which share their reconstructed VELO segment with
a better fit-quality track. For secondary particles, the
contributions from hadrons and electrons are studied
separately. An enriched sample of hadrons from prompt-
particle decays, such as Λ baryons and K0

S mesons, and
hadrons produced in material interactions, is obtained using
tracks with a large estimated effective impact parameter
with respect to the mean of the PV distribution. The
abundance of electrons from γ conversions, which is
considerable at low pT, is validated using particle identi-
fication detectors.
Additionally, bin migration effects due to the resolution

of the detector are found to have a negligible contribution
to the measured yields. A minor correction is made since
the mass of the particle is ignored in the expression

η ¼ ηlab − 0.465 which is used to translate the pseudor-
apidity in the laboratory system to the center-of-mass
system of the nucleon-nucleon collision in p-Pb collisions.
Several sources of systematic uncertainty are considered.

For candidates in the range 5 < p < 200 GeV=c the track-
finding efficiency carries an uncertainty due to the limited
size of the calibration samples and the difference between
hadron and muon material interactions. For candidates
outside this range, a conservative 5% uncertainty is
assigned based on the efficiency variation in adjacent
intervals. An uncertainty is assigned accounting for the
detector occupancy description, which is estimated con-
sidering alternative weights. The uncertainty due to imper-
fect knowledge of the relative particle composition is
determined from a 30% variation in the relative abundances
of particles obtained from simulation. The uncertainty on
the selection efficiency originates primarily from the
limited size of the calibration sample. For the purity, the
systematic uncertainty is estimated from the background
abundance in the background-enriched samples and the
data-simulation discrepancy in the background fraction
from the independent samples. This uncertainty has a large
η and pT dependence: while negligible in regions with a
small background level, it is the dominant contribution for
intervals with large background contributions. These inter-
vals correspond to high pT for fake tracks in p-Pb
collisions in the backward region. See the Supplemental
Material [48] for a summary table of the uncertainties.
The measured prompt charged particle cross sections for

pp and p-Pb are presented in Fig. 1. The total uncertainty is
the sum in quadrature of statistical, systematic, and
luminosity uncertainties. On average 0.1035� 0.0029
charged particles (with 0.961 < pT < 1.249 GeV=c and
3.0 < η < 3.5) are produced in pp collisions, when scaled
by the total inelastic nucleon-nucleon cross section of
67.6� 0.6 mb at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 5 TeV [49]. This is 2 orders

of magnitude smaller than for p-Pb collisions, assuming the
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FIG. 1. Differential cross section of prompt charged particle production as a function of pT in different η intervals in (left) pp, (middle)
forward p-Pb, and (right) backward p-Pb collisions. The cross section values for pp are scaled by the lead mass number (A ¼ 208) for
comparison with the p-Pb cross sections.
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same total inelastic nucleon-nucleon cross section. The
cross section for pp collisions at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 5 TeV is

compared with the result at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 13 TeV [27]. Both

results are consistent, showing an increase in the cross
section at 13 TeV of a factor 1 to 3, depending on pT .
The result for RpPb in different ðη; pTÞ intervals is

presented in Fig. 2, where the uncertainties arise from
statistical, systematic, and luminosity sources. In the
forward region, the measurement indicates a suppression
of charged particle production in p-Pb collisions relative to
that in pp collisions, which increases towards forward
pseudorapidities. In the low pT regime, RpPb reaches values
of about 0.3 in the most forward pseudorapidities. In the
backward region, a significant enhancement of RpPb is
observed for pT > 1.5 GeV=c. This can be interpreted as
Cronin enhancement [15]. The enhancement reaches a
maximum at different pT values depending on η, followed
by a decreasing trend towards unity. This decrease is more
pronounced in the most backward pseudorapidities. The
maximum value of RpPb is found to be ∼1.3 and depends
slightly on η.

The RpPb measurement is compared in Fig. 2 with
predictions from phenomenological models covering the
pT ≳ 1.5 GeV=c region. The prediction in Ref. [50]
(shaded green) is based on the NPDF set EPPS16 [10]
for the lead nucleus and the PDF set CT14 [52] for the
proton. The calculation also employs the parton-to-hadron
fragmentation functions set DSS [53]. The prediction
reproduces the data in the forward region although with
large uncertainties. However, it fails to reproduce the RpPb

enhancement in the backward region for pT > 2 GeV=c.
The second prediction (violet) is based on the CGC

effective field theory [20]. The model is only applicable to

the saturation region at low x and thus to forward rapidities.
The predicted gradual decrease of RpPb with η is observed
in the data, although the prediction overestimates RpPb in
the lower pT intervals. The prediction does not include an
uncertainty estimation.
The third prediction (shaded orange) is a PQCD calcu-

lation within the high-twist factorization formalism in the
backward region [13,51]. The calculation shows an
enhancement due to incoherent multiple scattering inside
the nucleus before and after the hard scattering, and
reproduces the enhancement seen in p-Au collisions in
the backward region by the PHENIX experiment at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 200 GeV [25]. The prediction shows a pT trend
similar to data for pT > 3 GeV=c in the most backward η
interval, although it does not reproduce the data for the
other intervals in the backward configuration.
Understanding the evolution of RpPb with x and the

momentum transfer Q2, is a critical point for the study of
CNM effects. However, x and Q2 are partonic quantities
and cannot be directly measured. Instead, experimental
proxies for x and Q2 [54], defined as

Q2
exp ≡m2 þ pT

2 and xexp ≡ Qexp
ffiffiffiffiffiffiffiffi

sNN
p e−η; ð3Þ

are considered to compare the RpPb results among different
LHC experiments. Here, m is the mass of the produced
particle and is taken as m ¼ 256 MeV=c2, the average
charged particle mass in p-Pb collisions determined with
EPOS-LHC. The variable xexp is approximately x for a two
body scattering, and Qexp is the transverse mass of the
produced particle.
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FIG. 2. Nuclear modification factor as a function of pT in different η intervals for the (top) forward and (bottom) backward regions,
compared with the predictions from Refs. [13,20,50,51]. Vertical error bars correspond to statistical uncertainties, open boxes to
uncorrelated systematic uncertainty, and the filled box at RpPb ¼ 1 to the correlated uncertainty from the luminosity.
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Figure 3 shows the RpPb evolution with xexp for fourQ2
exp

intervals from this study and the results from the ALICE
[21] and CMS [22] Collaborations. Since the pT binning is
different among the three experiments, the Q2

exp ranges are
selected to contain at least one pT interval from each
experiment. A consistent trend between this measurement
in the forward region, the measurements in the central
region from ALICE and CMS, and the result in the
backward region, is observed for the four Q2

exp intervals.
The evolution of RpPb with xexp is Q2

exp dependent.
In summary, the differential production cross sections

have been measured in pT and η intervals for prompt
charged particles produced in pp and p-Pb collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5 TeV. The measurement corresponds to p >
2 GeV=c and 0.2 < pT < 8.0 GeV=c prompt charged
particles with 2.0 < η < 4.8 in pp and −5.2 < η < −2.5
and 1.5 < η < 4.3 in p-Pb collisions. This is the first
determination of such cross sections in p-Pb collisions in
the forward and backward regions at the LHC, and the first
measurement in pp collisions at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 5 TeV. The total

uncertainty is around 3% for most kinematic intervals both
in pp and p-Pb collisions. As a result, the data place
stringent constraints on nonperturbative QCD models in
high-energy nuclear collisions.
The nuclear modification factor RpPb is also determined

and is one of the most precise to date. The total uncertainty,
including the normalization contribution, is below 5% for
most of the ðη; pTÞ intervals. In the forward region, a
suppression of the charged particle production is observed,
especially for low pT and the most forward η. In the
backward region, the production of charged particles with
pT > 1.5 GeV=c is significantly enhanced. The RpPb shape

exhibits a clear pseudorapidity dependence. These data
cannot be simultaneously described across the entire
measured η range by NPDFs alone. Contrary to what is
observed at central rapidity [18], the forward data are
inconsistent with CGC calculations at the lowest pT .
Multiple scattering calculations, which successfully repro-
duce PHENIX results [25], fail to describe the backward
region. These measurements provide strong constraints on
nuclear PDFs at the lowest accessible x ranges, and show
that additional, previously unconsidered mechanisms are
required to provide a consistent description of particle
production in nuclear collisions at the LHC.
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loss effects on light hadron production in pA collisions,
J. High Energy Phys. 09 (2020) 190.

[20] T. Lappi and H. Mäntysaari, Single inclusive particle
production at high energy from HERA data to proton-
nucleus collisions, Phys. Rev. D 88, 114020 (2013).

[21] S. Acharya et al. (ALICE Collaboration), Transverse mo-
mentum spectra and nuclear modification factors of charged
particles in pp, p-Pb and Pb-Pb collisions at the LHC,
J. High Energy Phys. 11 (2018) 013.

[22] V. Khachatryan et al. (CMS Collaboration), Charged-
particle nuclear modification factors in PbPb and pPb

collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV, J. High Energy Phys. 04

(2017) 039.
[23] G. Aad et al. (ATLAS Collaboration), Transverse momen-

tum, rapidity, and centrality dependence of inclusive
charged-particle production in

ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV pþ Pb

collisions measured by the ATLAS experiment, Phys. Lett.
B 763, 313 (2016).

[24] I. Arsene et al. (BRAHMS Collaboration), On the Evolution
of the Nuclear Modification Factors with Rapidity and
Centrality in dþ Au Collisions at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 200 GeV, Phys.

Rev. Lett. 93, 242303 (2004).
[25] C. Aidala et al. (PHENIX Collaboration), Nuclear-

modification factor of charged hadrons at forward and back-
ward rapidity in pþAl and pþ Au collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼200GeV, Phys. Rev. C 101, 034910 (2020).

[26] B. B. Back et al. (PHOBOS Collaboration), Pseudorapidity
dependence of charged hadron transverse momentum spec-
tra in dþ Au collisions at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 200 GeV, Phys. Rev. C

70, 061901 (2004).
[27] R. Aaij et al. (LHCb Collaboration), Measurement of

prompt charged-particle production in proton-proton colli-
sions at

ffiffiffi

s
p ¼ 13 TeV, J. High Energy Phys. 01 (2022) 166.

[28] S. Acharya et al. (ALICE Collaboration), The ALICE
definition of primary particles, Report No. ALICE-
PUBLIC-2017-005, CERN, 2017.

[29] A. A. Alves Jr. et al. (LHCb Collaboration), The LHCb
detector at the LHC, J. Instrum. 3, S08005 (2008).

[30] R. Aaij et al. (LHCb Collaboration), LHCb detector
performance, Int. J. Mod. Phys. A 30, 1530022 (2015).

[31] R. Aaij et al. (LHCb Collaboration), Precision luminosity
measurements at LHCb, J. Instrum. 9, P12005 (2014).

[32] T. Pierog, I. Karpenko, J. M. Katzy, E. Yatsenko, and K.
Werner, EPOS LHC: Test of collective hadronization with
data measured at the CERN Large Hadron Collider, Phys.
Rev. C 92, 034906 (2015).

[33] T. Sjöstrand, S. Mrenna, and P. Skands, A brief introduction
to PYTHIA8.1, Comput. Phys. Commun. 178, 852 (2008).

[34] I. Belyaev et al., Handling of the generation of primary
events in Gauss, the LHCb simulation framework, J. Phys.
Conf. Ser. 331, 032047 (2011).

[35] D. J. Lange, The EvtGen particle decay simulation package,
Nucl. Instrum. Methods Phys. Res., Sect. A 462, 152
(2001).

[36] S. Agostinelli et al. (Geant4 Collaboration), GEANT4: A
simulation toolkit, Nucl. Instrum. Methods Phys. Res., Sect.
A 506, 250 (2003).

[37] J. Allison et al. (Geant4 Collaboration), Geant4 developments
and applications, IEEE Trans. Nucl. Sci. 53, 270 (2006).

[38] M. Clemencic, G. Corti, S. Easo, C. R. Jones, S. Miglioranzi,
M. Pappagallo, and P. Robbe, The LHCb simulation appli-
cation, Gauss: Design, evolution and experience, J. Phys.
Conf. Ser. 331, 032023 (2011).

[39] M. De Cian, S. Farry, P. Seyfert, and S. Stahl, Fast neural-net
based fake track rejection in the LHCb reconstruction,
Report No. LHCb-PUB-2017-011, 2017.

[40] R. Aaij et al. (LHCb Collaboration), Measurement of the
track reconstruction efficiency at LHCb, J. Instrum. 10,
P02007 (2015).

[41] J. Adam et al. (ALICE Collaboration), Multiplicity depend-
ence of charged pion, kaon, and (anti)proton production

PHYSICAL REVIEW LETTERS 128, 142004 (2022)

142004-6

https://doi.org/10.1016/j.astropartphys.2011.05.002
https://arXiv.org/abs/2105.06148
https://doi.org/10.1088/0954-3899/39/1/015010
https://doi.org/10.1088/0954-3899/39/1/015010
https://doi.org/10.1142/S0218301313300075
https://doi.org/10.1016/j.nuclphysa.2017.11.015
https://doi.org/10.1016/j.nuclphysa.2017.11.015
https://doi.org/10.1146/annurev-nucl-101916-123209
https://doi.org/10.1146/annurev-nucl-101916-123209
https://doi.org/10.1140/epjc/s10052-017-4725-9
https://doi.org/10.1103/PhysRevD.93.085037
https://doi.org/10.1103/PhysRevD.93.085037
https://doi.org/10.1103/PhysRevD.85.074028
https://doi.org/10.1103/PhysRevD.85.074028
https://doi.org/10.1103/PhysRevD.88.054010
https://doi.org/10.1103/PhysRevD.88.054010
https://arXiv.org/abs/hep-ph/0212148
https://doi.org/10.1103/PhysRevD.11.3105
https://doi.org/10.1103/PhysRevD.11.3105
https://doi.org/10.1103/PhysRevLett.100.022303
https://doi.org/10.1103/PhysRevD.49.3352
https://doi.org/10.1016/j.physletb.2022.136943
https://doi.org/10.1016/j.physletb.2022.136943
https://doi.org/10.1007/JHEP09(2020)190
https://doi.org/10.1103/PhysRevD.88.114020
https://doi.org/10.1007/JHEP11(2018)013
https://doi.org/10.1007/JHEP04(2017)039
https://doi.org/10.1007/JHEP04(2017)039
https://doi.org/10.1016/j.physletb.2016.10.053
https://doi.org/10.1016/j.physletb.2016.10.053
https://doi.org/10.1103/PhysRevLett.93.242303
https://doi.org/10.1103/PhysRevLett.93.242303
https://doi.org/10.1103/PhysRevC.101.034910
https://doi.org/10.1103/PhysRevC.70.061901
https://doi.org/10.1103/PhysRevC.70.061901
https://doi.org/10.1007/JHEP01(2022)166
https://doi.org/10.1088/1748-0221/3/08/S08005
https://doi.org/10.1142/S0217751X15300227
https://doi.org/10.1088/1748-0221/9/12/P12005
https://doi.org/10.1103/PhysRevC.92.034906
https://doi.org/10.1103/PhysRevC.92.034906
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1088/1742-6596/331/3/032047
https://doi.org/10.1088/1742-6596/331/3/032047
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1088/1742-6596/331/3/032023
https://doi.org/10.1088/1742-6596/331/3/032023
https://doi.org/10.1088/1748-0221/10/02/P02007
https://doi.org/10.1088/1748-0221/10/02/P02007


at large transverse momentum in p-Pb collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼

5.02 TeV, Phys. Lett. B 760, 720 (2016).
[42] J. Adam et al. (ALICE Collaboration), Enhanced production

of multi-strange hadrons in high-multiplicity proton-proton
collisions, Nat. Phys. 13, 535 (2017).

[43] J. Adam et al. (ALICE Collaboration), Multi-strange baryon
production in p-Pb collisions at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV, Phys.

Lett. B 758, 389 (2016).
[44] B. B. Abelev et al. (ALICE Collaboration), Multiplicity

dependence of pion, kaon, proton and lambda production in
p-Pb collisions at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV, Phys. Lett. B 728, 25

(2014).
[45] R. Aaij et al. (LHCb Collaboration), Measurement of

prompt hadron production ratios in p p collisions at
ffiffiffi

s
p ¼

0.9 and 7 TeV, Eur. Phys. J. C 72, 2168 (2012).
[46] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,

P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, An introduction to PYTHIA8.2, Comput. Phys.
Commun. 191, 159 (2015).

[47] C. Bierlich, Microscopic collectivity: The ridge and strange-
ness enhancement from string–string interactions, Nucl.
Phys. A982, 499 (2019).

[48] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevLett.128.142004 for a summary table of the
uncertainties.

[49] C. Loizides, J. Kamin, and D. d’Enterria, Improved
Monte Carlo Glauber predictions at present and future
nuclear colliders, Phys. Rev. C 97, 054910 (2018); 99,
019901(E) (2019).

[50] I. Helenius, K. J. Eskola, and H. Paukkunen, Probing the
small-x nuclear gluon distributions with isolated photons at
forward rapidities in pþ Pb collisions at the LHC, J. High
Energy Phys. 09 (2014) 138.

[51] Z.-B.Kang, I. Vitev, E.Wang,H. Xing, andC. Zhang,Multiple
scattering effects on heavy meson production in pþ A
collisions at backward rapidity, Phys. Lett. B 740, 23 (2015).

[52] S. Dulat, T.-J. Hou, J. Gao, M. Guzzi, J. Huston, P. Nadolsky,
J. Pumplin, C. Schmidt, D. Stump, and C.-P. Yuan, New
parton distribution functions from a global analysis of
quantum chromodynamics, Phys. Rev. D 93, 033006 (2016).

[53] D. de Florian, R. Sassot, and M. Stratmann, Global analysis
of fragmentation functions for pions and kaons and their
uncertainties, Phys. Rev. D 75, 114010 (2007).

[54] N. Armesto, Nuclear shadowing, J. Phys. G 32, R367 (2006).

R. Aaij,32 C. Abellán Beteta,50 T. Ackernley,60 B. Adeva,46 M. Adinolfi,54 H. Afsharnia,9 C. A. Aidala,86 S. Aiola,25

Z. Ajaltouni,9 S. Akar,65 J. Albrecht,15 F. Alessio,48 M. Alexander,59 A. Alfonso Albero,45 Z. Aliouche,62 G. Alkhazov,38

P. Alvarez Cartelle,55 S. Amato,2 J. L. Amey,54 Y. Amhis,11 L. An,48 L. Anderlini,22 A. Andreianov,38 M. Andreotti,21

F. Archilli,17 A. Artamonov,44 M. Artuso,68 K. Arzymatov,42 E. Aslanides,10 M. Atzeni,50 B. Audurier,12 S. Bachmann,17

M. Bachmayer,49 J. J. Back,56 P. Baladron Rodriguez,46 V. Balagura,12 W. Baldini,21 J. Baptista Leite,1 R. J. Barlow,62

S. Barsuk,11 W. Barter,61 M. Bartolini,24,a F. Baryshnikov,83 J. M. Basels,14 G. Bassi,29 B. Batsukh,68 A. Battig,15 A. Bay,49

M. Becker,15 F. Bedeschi,29 I. Bediaga,1 A. Beiter,68 V. Belavin,42 S. Belin,27 V. Bellee,49 K. Belous,44 I. Belov,40

I. Belyaev,41 G. Bencivenni,23 E. Ben-Haim,13 A. Berezhnoy,40 R. Bernet,50 D. Berninghoff,17 H. C. Bernstein,68

C. Bertella,48 A. Bertolin,28 C. Betancourt,50 F. Betti,48 Ia. Bezshyiko,50 S. Bhasin,54 J. Bhom,35 L. Bian,73 M. S. Bieker,15

S. Bifani,53 P. Billoir,13 M. Birch,61 F. C. R. Bishop,55 A. Bitadze,62 A. Bizzeti,22,b M. Bjørn,63 M. P. Blago,48 T. Blake,56

F. Blanc,49 S. Blusk,68 D. Bobulska,59 J. A. Boelhauve,15 O. Boente Garcia,46 T. Boettcher,65 A. Boldyrev,82 A. Bondar,43

N. Bondar,38,48 S. Borghi,62 M. Borisyak,42 M. Borsato,17 J. T. Borsuk,35 S. A. Bouchiba,49 T. J. V. Bowcock,60 A. Boyer,48

C. Bozzi,21 M. J. Bradley,61 S. Braun,66 A. Brea Rodriguez,46 M. Brodski,48 J. Brodzicka,35 A. Brossa Gonzalo,56

D. Brundu,27 A. Buonaura,50 A. T. Burke,62 C. Burr,48 A. Bursche,72 A. Butkevich,39 J. S. Butter,32 J. Buytaert,48

W. Byczynski,48 S. Cadeddu,27 H. Cai,73 R. Calabrese,21,c L. Calefice,15,13 L. Calero Diaz,23 S. Cali,23 R. Calladine,53

M. Calvi,26,d M. Calvo Gomez,85 P. Camargo Magalhaes,54 P. Campana,23 A. F. Campoverde Quezada,6 S. Capelli,26,d

L. Capriotti,20,e A. Carbone,20,e G. Carboni,31 R. Cardinale,24,a A. Cardini,27 I. Carli,4 P. Carniti,26,d L. Carus,14

K. Carvalho Akiba,32 A. Casais Vidal,46 G. Casse,60 M. Cattaneo,48 G. Cavallero,48 S. Celani,49 J. Cerasoli,10

A. J. Chadwick,60 M. G. Chapman,54 M. Charles,13 Ph. Charpentier,48 G. Chatzikonstantinidis,53 C. A. Chavez Barajas,60

M. Chefdeville,8 C. Chen,3 S. Chen,4 A. Chernov,35 V. Chobanova,46 S. Cholak,49 M. Chrzaszcz,35 A. Chubykin,38

V. Chulikov,38 P. Ciambrone,23 M. F. Cicala,56 X. Cid Vidal,46 G. Ciezarek,48 P. E. L. Clarke,58 M. Clemencic,48 H. V. Cliff,55

J. Closier,48 J. L. Cobbledick,62 V. Coco,48 J. A. B. Coelho,11 J. Cogan,10 E. Cogneras,9 L. Cojocariu,37 P. Collins,48

T. Colombo,48 L. Congedo,19,f A. Contu,27 N. Cooke,53 G. Coombs,59 I. Corredoira,46 G. Corti,48 C. M. Costa Sobral,56

B. Couturier,48 D. C. Craik,64 J. Crkovská,67 M. Cruz Torres,1 R. Currie,58 C. L. Da Silva,67 S. Dadabaev,83 L. Dai,71

E. Dall’Occo,15 J. Dalseno,46 C. D’Ambrosio,48 A. Danilina,41 P. d’Argent,48 J. E. Davies,62 A. Davis,62

O. De Aguiar Francisco,62 K. De Bruyn,79 S. De Capua,62 M. De Cian,49 J. M. De Miranda,1 L. De Paula,2 M. De Serio,19,f

D. De Simone,50 P. De Simone,23 J. A. de Vries,80 C. T. Dean,67 D. Decamp,8 L. Del Buono,13 B. Delaney,55

PHYSICAL REVIEW LETTERS 128, 142004 (2022)

142004-7

https://doi.org/10.1016/j.physletb.2016.07.050
https://doi.org/10.1038/nphys4111
https://doi.org/10.1016/j.physletb.2016.05.027
https://doi.org/10.1016/j.physletb.2016.05.027
https://doi.org/10.1016/j.physletb.2013.11.020
https://doi.org/10.1016/j.physletb.2013.11.020
https://doi.org/10.1140/epjc/s10052-012-2168-x
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.nuclphysa.2018.07.015
https://doi.org/10.1016/j.nuclphysa.2018.07.015
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.142004
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.142004
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.142004
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.142004
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.142004
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.142004
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.142004
https://doi.org/10.1103/PhysRevC.97.054910
https://doi.org/10.1103/PhysRevC.99.019901
https://doi.org/10.1103/PhysRevC.99.019901
https://doi.org/10.1007/JHEP09(2014)138
https://doi.org/10.1007/JHEP09(2014)138
https://doi.org/10.1016/j.physletb.2014.11.024
https://doi.org/10.1103/PhysRevD.93.033006
https://doi.org/10.1103/PhysRevD.75.114010
https://doi.org/10.1088/0954-3899/32/11/R01


H.-P. Dembinski,15 A. Dendek,34 V. Denysenko,50 D. Derkach,82 O. Deschamps,9 F. Desse,11 F. Dettori,27,g B. Dey,77

A. Di Cicco,23 P. Di Nezza,23 S. Didenko,83 L. Dieste Maronas,46 H. Dijkstra,48 V. Dobishuk,52 A. M. Donohoe,18

F. Dordei,27 A. C. dos Reis,1 L. Douglas,59 A. Dovbnya,51 A. G. Downes,8 K. Dreimanis,60 M.W. Dudek,35 L. Dufour,48

V. Duk,78 P. Durante,48 J. M. Durham,67 D. Dutta,62 A. Dziurda,35 A. Dzyuba,38 S. Easo,57 U. Egede,69 V. Egorychev,41

S. Eidelman,43,h S. Eisenhardt,58 S. Ek-In,49 L. Eklund,59,i S. Ely,68 A. Ene,37 E. Epple,67 S. Escher,14 J. Eschle,50 S. Esen,13

T. Evans,48 A. Falabella,20 J. Fan,3 Y. Fan,6 B. Fang,73 S. Farry,60 D. Fazzini,26,d M. Féo,48 A. Fernandez Prieto,46
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wAlso at Università della Basilicata, Potenza, Italy.
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