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ABSTRACT: The first measurement of the dijet transverse momentum balance x; in proton-
lead (pPb) collisions at a nucleon-nucleon center-of-mass energy of /s = 8.16 TeV is
presented. The z; observable, defined as the ratio of the subleading over leading jet transverse
momentum in a dijet pair, is used to search for jet quenching effects. The data, corresponding
to an integrated luminosity of 174.6 nb_l, were collected with the CMS detector in 2016.
The x; distributions and their average values are studied as functions of the charged-particle
multiplicity of the events and for various dijet rapidity selections. The latter enables probing
hard scattering of partons carrying distinct nucleon momentum fractions x in the proton- and
lead-going directions. The former, aided by the high-multiplicity triggers, allows probing for
potential jet quenching effects in high-multiplicity events (with up to 400 charged particles),
for which collective phenomena consistent with quark-gluon plasma (QGP) droplet formation
were previously observed. The ratios of x; distributions for high- to low-multiplicity events
are used to quantify the possible medium effects. These ratios are consistent with simulations
of the hard-scattering process that do not include QGP production. These measurements set
an upper limit on medium-induced energy loss of the subleading jet of 1.26% of its transverse
momentum at the 90% confidence level in high multiplicity pPb events.
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1 Introduction

High-energy jets consist of particles produced by the fragmentation and hadronization of
partons (quarks and gluons) that have undergone hard scattering in the early stages of
a collision. Jets have been successfully employed to probe the properties of the quark-
gluon plasma (QGP), a unique form of hot and dense matter formed in high-energy heavy
ion collisions [1]. One of the most recognized signatures of the QGP is the jet quenching
phenomenon, which refers to the suppression or modification of the energy and shape of jets
caused by partonic interaction in the hot QGP medium. The presence of jet quenching has been
demonstrated using a wide range of measurements in lead-lead (PbPb) and gold-gold (AuAu)
collisions [2-7]. A recent review of CMS jet quenching measurements is presented in ref. [7].

More recently, possible indications of QGP production have been observed in small
colliding systems. For example, particle collectivity attributed to hydrodynamic flow within
a QGP has been measured in high-multiplicity proton-proton (pp) and proton-lead (pPb)
collisions at the CERN LHC [8-10], as well as in pAu, deuteron-Au, and helium-Au collisions at
the BNL RHIC [11]. In addition, strangeness enhancement, another QGP signature, has been
observed by ALICE in pp and pPb collisions [12]. However, the observations of jet quenching,
which is expected in a hot and dense medium, remain elusive in such small systems [13-18].

Motivated by the measurements of dijet transverse momentum (pt) balance in PbPb
collisions [2, 6], this analysis aims to study the same quantity in different multiplicity
classes of the pPb data sample. The study utilizes CMS high-multiplicity events to probe
different pseudorapidity regions in the center-of-mass frame (ncy) of the collision, allowing
investigations of possible jet quenching effects for the hard scattering processes initiated by
partons carrying different nucleon momentum fraction x in the p- and Pb-going directions. The
data, collected in 2016 during LHC Run2 at a center-of-mass energy of 8.16 TeV, correspond
to a total integrated luminosity of 174.6 nb ! [19-21]. During part of the data-taking period,
the directions of the proton and lead beams were reversed. For consistency, positive ny,, is



defined to always point in the direction of the proton beam. Because the two beams have
different energy per nucleon, a massless particle emitted at 1oy = 0 in the nucleon-nucleon
center-of-mass frame will be detected at n,;, = +0.465 in the laboratory frame.

This work presents searches for jet quenching signals using dijets, which are composed
of the two highest energy, back-to-back jets in the event. The observable under study, dijet
pr balance (z;), is defined as a ratio of transverse momenta of subleading (less energetic) to
leading (more energetic) jets in a dijet. The analysis is performed by selecting leading and
subleading jets with transverse momenta of at least 100 GeV and 50 GeV, respectively, and in
different kinematic regions (detailed below) to isolate mid-, forward, and backward rapidities.
The measured z; distributions for events with different charged-particle multiplicities are
compared with Monte Carlo (MC) simulations of the hard scattering process without quenching
effects. Tabulated results are provided in the HEPData record for this analysis [22].

2 The CMS detector and event reconstruction

The central feature of the CMS apparatus is a superconducting solenoid with a 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are the silicon
pixel and strip trackers, a lead tungstate crystal electromagnetic calorimeter, and a brass
and scintillator hadron calorimeter, each composed of barrel and two endcap sections. The
CMS silicon tracker measures charged-particle tracks within |n| < 2.5. It consists of 1,856
silicon pixel and 15,148 silicon strip detector modules. Two hadron forward (HF) steel
and quartz-fiber calorimeters complement the barrel and endcap detectors, extending the
calorimeter coverage from the |n| < 3.0 range provided by the barrel and endcap out to
|n] < 5.2. The HF calorimeters are subdivided in azimuth (¢) into 20° modular wedges and
further segmented to form 0.175 x 0.175 radians (An x A¢) “towers”. Muons are measured
in the range |n| < 2.4, with detection planes located outside the solenoid core. A detailed
description of the CMS detector, along with a definition of the coordinate system used and
the relevant kinematic variables, can be found in ref. [23].

A particle-flow algorithm [24] aims to reconstruct and identify each individual particle
in an event with an optimized combination of information from the various elements of the
CMS detector. The energy of photons is obtained from the ECAL measurement. The energy
of an electron is determined from a combination of the electron momentum at the primary
interaction vertex as determined by the tracker, the energy of the corresponding ECAL cluster,
and the energy sum of all bremsstrahlung photons spatially compatible with originating from
the electron track. The energy of a muon is obtained from the curvature of the corresponding
track. The energy of a charged hadron is determined from a combination of the momentum
measured in the tracker and the matching ECAL and HCAL energy deposits, corrected for
the response function of the calorimeters to hadronic showers. Finally, the energy of neutral
hadrons is obtained from the corresponding corrected ECAL and HCAL energies.

Events are selected using a two-tiered trigger system. The first level (L1), composed
of custom hardware processors, uses information from the calorimeters and muon detectors
to select events at a rate of around 100kHz [25]. The second level, known as the high-
level trigger (HLT), consists of a farm of processors running a version of the full event



reconstruction software optimized for fast processing, reducing the event rate to around 1 kHz
in pp collisions [26] and up to 31 kHz and pPb collisions, before data storage.

3 Event selection

The triggers and event selections are similar to those described in refs. [27, 28]. Minimum
bias (MB) events are triggered by requiring energy deposits in at least one of the two HF
calorimeters above a threshold of approximately 1 GeV and the presence of at least one track
with pp > 0.4 GeV in the pixel tracker. Because of the high collision rate, the integrated
luminosity collected by this trigger in 2016 data-taking was approximately 5.8 nb !

To ensure the collection of a large sample of high-multiplicity (HM) pPb collisions, a
dedicated trigger was implemented using both the CMS L1 and HLT systems. At L1, the total
number of towers in the electromagnetic and hadronic calorimeters above a transverse energy
threshold of 0.5 GeV is required to be greater than 120 and 150 towers, respectively. Track
reconstruction is performed online as part of the HLT trigger with the identical reconstruction
algorithm used offline [29]. For each event, the reconstructed vertex with the highest number
of associated tracks is selected as the primary vertex. The number of tracks with |n,,| < 2.4,
pr > 0.4 GeV, and a distance of closest approach less than 0.12 cm to the primary vertex
is determined for each event and is required to exceed a certain threshold to enrich the
sample with HM events. This analysis employs two distinct HM triggers designed to select
events with charged-particle multiplicities exceeding 185 and 250 with approximate integrated
luminosities of 96.2nb~ " and 174.6 nb_l, respectively.

Events are required to have at least one interaction vertex, reconstructed from two or more

tracks, within 15 cm of the nominal interaction point along the beam axis and 0.2 ¢cm in the
transverse direction. A requirement of at least one calorimeter tower with energy above 3 GeV
on each side of the interaction point in an HF calorimeter is imposed, effectively removing
ultraperipheral events and electromagnetic interactions. Events with exceptionally high
occupancy in the tracker without a common vertex are removed. Additionally, selections are
applied to remove events with more than one interaction per bunch crossing (pileup) [27, 28].
The average pileup probability, defining the chance to have more than one interaction recorded
in a minimum bias event, in pPb collisions at 8.16 TeV varied between 10-25%, depending
on the LHC operation conditions. Rejecting those events is essential to reduce possible
contamination that can distort the jet energy, momentum, and shape, as well as introduce
misidentified jets from random energy deposits.
For the charged-particle multiplicity (Nomi™®), high-purity tracks [29] are utilized, where
N 1obresents the number of offline-selected tracks [9, 29] with || < 2.4 and pr > 0.4 GeV.
Additionally, a reconstructed track is considered a primary-track candidate if the impact
parameter significance in the plane transverse to the beams (dy,/o(dy,)) and the significance
of the separation in z between the track and the best reconstructed primary vertex (d,/o(d,))
are both less than 3. The primary vertex is defined as the vertex associated with the largest
number of tracks. Tracks with poor momentum resolution are removed by requiring that
the relative py uncertainty (o(pr)/pr) is less than 10%. Primary tracks that fall within the
kinematic range |n| < 2.4 and pp > 0.4 GeV are selected in the analysis to ensure reasonable
tracking efficiency (~90%) and a low misreconstruction rate (<2%).



Simulated events are employed in this analysis for cross-checks and to determine jet
reconstruction performance, event selection, and other potential detector effects. Embedded
PYTHIA8+EPOS LHC [30, 31] event generators are used, where PYTHIA8 (version 212) with
the CUETP8M1 tune [32] is used to model the hard scattering, parton showering, and
hadronization processes for the production of the dijets of interest, while EPOS LHC simulates
the soft interactions and underlying event background. Additionally, GEANT4 [33] is used
for detailed simulation of the CMS detector response.

4 Analysis procedure

The hadronic jets are reconstructed using the anti-k1 sequential recombination algorithm [34]
with a distance parameter of R = 0.4, provided in the FASTJET framework [35], clustered
from all particles reconstructed by the PF algorithm. An underlying event (UE)-subtraction
method [36], called constituent subtraction, is applied to remove contributions from the UE
soft fragments (constituents) within the jets. Jet energy corrections [37] are derived from
simulation studies to ensure that the average energy of reconstructed jets matches that of
particle-level jets, which are defined as jets clustered from all stable particles produced in the
collision, excluding neutrinos. In situ measurements of the momentum balance in dijet, y + jet,
Z+jet, and multijet events from pp data are used to account for any residual differences in
the jet energy scale (JES) between data and simulation. The jet energy resolution (JER)
typically amounts to 15-20% at 30 GeV, 10% at 100 GeV, and less than 7% at 400 GeV [37].

The final-state observable is the dijet momentum balance, defined as the pr ratio between
the leading j; and subleading jets jo,

J1
_Pr

T;=—, (4.1)
pY

J
where p]% and pzf are of the highest and second-highest pt jets, respectively. This observable
is always less than unity because pjT1 > pzﬁ. The average dijet momentum balance ({x,))
is obtained by taking the mean value of the data. These observables have been frequently
employed to explore QGP production in nucleus-nucleus collisions [6, 38, 39]. In those
systems, we observed that the z; distributions are significantly imbalanced, compared to
pp, shifting toward lower values, indicating that the subleading jet loses more energy as
it traverses the medium.

The analysis requires pgfl > 100 GeV, p]f > 50 GeV to guarantee a jet resolution less than
15% and an absolute azimuthal separation (Aggijets = "t — q§j2]) > 57/6 to ensure that the
two jets of the pair are back-to-back. In addition, because of the detector acceptance, it is
required that |n,,| < 3.0 for both jets. To remove jets potentially dominated by spurious
contributions from various subdetector components or reconstruction failures, selection criteria
similar to those used ref. [40] are applied. In the case of dijet events, there is a non-zero
possibility that the selection criteria might remove a leading or subleading jet, resulting in
the pairing of other jets in the event. To avoid this issue, the entire event is excluded if the
leading or subleading jets do not pass the jet selections criteria. Implementing this approach
has resulted in the removal of at most 3% of dijet events.

The analysis is performed by selecting leading and subleading jets in different ngy
configurations to study the forward and backward ncy; regions, probing jets in both forward



(proton-going) and backward (Pb-going) directions, respectively. Three different measurement
regions are defined: the forward proton direction (1.2 < ncy < 2.4), the backward lead
direction (—3.3 < nom < —1.2), and the midrapidity region (|ncy| < 1). The boundaries are
chosen because of the detector acceptance and the small gap added is introduced to reduce
possible correlations between jets and multiplicity. This analysis requires that at least one
jet (leading or subleading) is located in the midrapidity region to ensure a sufficient number
of events. As a result, five regions are used in this combinations listed below:

1. Both the leading and subleading jets are in the midrapidity region.

2. The leading jet is in the midrapidity region and the subleading jet is in the forward

region.

3. The leading jet is in the midrapidity region and the subleading jet is in the backward

region.

4. The leading jet is in the forward region and the subleading jet is in the midrapidity

region.

5. The leading jet is in the backward region and the subleading jet is in the midrapidity
region.

Jets traveling in the backward direction must experience effects from the fragmented
nuclei, while jets in the forward direction are exposed to the proton remnant interaction.
These regions correspond to different x values, with zp,, describing the nucleus-going side
and z, the proton-going side. Jets at backward rapidity probe high-zp}, partons, where
initial-state energy loss and multiple scattering dominate, whereas forward jets access low-zpy,
partons, where shadowing and gluon saturation effects become relevant. For each of the dijet
pseudorapidity combinations, the measurement is performed as a function of the charged
Noffine 3 the following ranges: [10, 60), [60, 120), [120, 185), [185, 250), and [250, 400].
The last two ranges require the use of specific HM triggers, while the data for the other
ranges are collected with the MB trigger.

Given the limited detector resolution and additional experimental effects, such as recon-
struction efficiency and misidentified contributions, the properties of reconstructed jets can
differ from those of jets defined at the particle level. This discrepancy leads to a migration of
dijet events within the ranges of the final-state observable, x;. To enable a direct comparison
between the measured data and theoretical particle-level calculations or between the measured
data and results from other experiments, the effect of these migrations is accounted for as
part of the unfolding procedure.

This analysis performs the first unfolding of x; using data collected by the CMS exper-
iment. The x; observable is unfolded using a two-dimensional reconstructed-versus-generated
response matrix from PYTHIA8+EPOS LHC, built for each possible pseudorapidity combination
and in the 10-60, 60-120, and > 120 multiplicity ranges. The response matrix for multiplicity
> 120 is utilized for the data ranges 120-185, 185-250, and 250-400. The kinematic selec-
tions are applied to reconstructed quantities, while no requirements are applied to matched
generator-level jets. A swapping effect, where the leading jet becomes subleading and vice
versa, occurs in approximately 20% of events. This swapping is accounted for in the response



matrix by identifying the effect and filling the matrix with 1/z;. Generator-level x; values
that satisfy the analysis fiducial region but are not reconstructed because one or both jets
do not satisfy the dijet kinematic selection, referred to as missing values, are incorporated
into the response matrix using the ROOUNFOLD software package [41, 42]. The contributions
from misidentified jets are negligible. The matrices are reweighted using two-dimensional
probability distribution maps of the reconstructed QDjT1 and pZF to take into account data
and simulation differences. Once the final matrices are produced, the unfolding process
employs the iterative method of D’Agostini [43-45], which is implemented in ROOUNFOLD
with five nominal iterations.

5 Systematic uncertainties

Six different sources of systematic uncertainty are studied in the present analysis for all of
the observables and are outlined as follows:

e Pileup. The impact of pileup is evaluated by adjusting the pileup event selection criteria,
which consider the distance between reconstructed vertices and the number of associated
tracks. The resulting systematic uncertainty is found to be less than 5%.

e JES. To evaluate the uncertainty from the JES, the jet pp in the data is shifted up
and down according to the JES uncertainties. The sources of uncertainty considered
are similar to those described in ref. [46]. The resulting systematics errors vary from
0.05-10% depending on the measurement, pseudorapidity configuration, and multiplicity
range. Larger uncertainties are observed at low-z; values (<0.5).

e JER. To evaluate the uncertainty from the JER, the jet pp resolution is smeared by
the estimated data-to-simulation difference. The amount of smearing depends on 7 and
is applied to account for differences between data and simulation. The difference from
the nominal distribution is taken as the systematic uncertainty. The variation observed
is between 0.5-10% similarly to the JES uncertainty.

o Underlying events. As an alternative to the nominal method for correcting the underlying
event contribution in jets, a jet-area-based background subtraction method, as described
in ref. [47], is used. The difference between the two methods is less than 1% and is
taken as a systematic uncertainty.

e Trigger bias. For the multiplicity dependency study, trigger bias is estimated using an
approach that selects events in data from the multiplicity overlap region of the MB
and HM triggers. Good agreement in z; between MB and HM triggers in the same
multiplicity range was observed, with deviations of 0.5% for 185-250 and 2.0% for
250-400 multiplicity ranges.

e Unfolding. Five iterations were used to perform the unfolding. The results were
compared with those obtained using four and six iterations, and the difference of the
level of 1% was taken as the systematic uncertainty.



All systematic uncertainties were evaluated using a bin-by-bin approach for each ob-
servable, and the uncertainties were propagated to the final result. The dominant sources
of systematic uncertainty are the JES and JER. All uncertainties are assumed to be un-
correlated and added in quadrature to calculate the total systematic uncertainty, resulting
in values between 0.5-12%.

6 Results

The unfolded z; distributions across different multiplicity ranges for leading and subleading
jets in midrapidity and backward regions, respectively, are shown in figure 1. In higher
multiplicity events, the x; distribution shows a suppression near unity, shifting towards lower
x; values, similar to trends seen in nucleus-nucleus collisions. This result suggests increased
energy loss in these events, potentially due to the contributions from multijet production or
energy conservation. Dijets in different pseudorapidity configurations, resulting in distinct

Nefine: 950 are shown in figure 2.

rpp, and x;, regimes, for the multiplicity range 185 <
The various ncy arrangements allow the exploration of xpy, and z;, within a range of ~0.03
to ~0.28. High-xp, corresponds to cases where one of the jets is in the backward region; for
example, xpy, is approximately 0.28 when the leading and subleading jets are in the backward
and midrapidity regions, respectively. In contrast, low-xpy, is around 0.03 for jet pairs where
the leading jet is at midrapidity, and the subleading jet is in the forward region. Overall
we observe only a slight dependence of x; across all dijet combinations. Comparisons with
generator-level PYTHIA8+EPOS LHC MC simulations are presented, showing similar behavior
between the simulation and data. The observed deviations arise from nuclear effects that
are not implemented in the PYTHIA8+EPOS LHC MC. Monte Carlo event generation for
multiplicities greater than 250 with EPOS was impractical. The remaining figures containing
other multiplicity ranges and pseudorapidity combinations can be found in the appendix
(figures 6 to 9).

The ratios between higher multiplicity intervals and the multiplicity range of 10 <
Nfﬁ?ine < 60 can be used to search for quenching effects since a QGP medium is not expected
to be formed in such low multiplicity events. Figures 3 and 4 show the high-to-low multiplicity

Noﬂiine

ratios in different IV, ranges and different ncy configurations for the unfolded values,

respectively. The ratio is close to unity, and the values decrease linearly from low to high
; > 0.7 (<0.6). The linear trend becomes more
pronounced for higher multiplicities, showing the imbalance behavior discussed previously,

r; being less (greater) than unity for x

and can be understood as a result of transverse momentum conservation [18, 48] due to
the presence of multijet events. Similar to the z; distributions, a small overall multiplicity
dependence, within the uncertainties, is observed across the different 7y combinations,
indicating a slight dependency of the ratio with zpy, and x,. There is generally an agreement
between simulations and data within the uncertainties. The additional figures corresponding
to other multiplicity ranges and pseudorapidity configurations are provided in the appendix
(figures 10 to 13). The measured (raw) distributions, which have not been unfolded, are also
available in the appendix (figures 14 to 24) and support the same conclusions as discussed
above for the unfolded distributions.
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Ngi ™, as shown in figure 5,

The analysis also measures the (z;) ratio from high-to-low
in bins of NOMR® for all jet ney configurations for unfolded distributions. The results are close
to unity, and a slight decrease in trend is aligned with the PYTHIAS+EPOS LHC simulation.
This observation is at odds with PbPb collision data trends in [6]. Compared to pp-based
reference, which provides an estimate for resolution effects, the PbPb data showed a significant
departure from that baseline with progressively lower average z; values toward more central
(higher multiplicity) events. The study of dijet pseudorapidity combinations indicates a weak
to no dependence of the dijet pp balance trends on zpy, and z,, with variations less than 2%.

Comparing simulation to data, with simulation not including an energy loss mechanism,
constrains the subleading jet energy loss, assuming that (z;) remains unquenched in the
multiplicity range of [10, 60). A chi-square test was performed comparing the measurements
and MC simulations to extract the limit on the possible downward shift (expected from the
energy loss scenario) in the mean z; values. For high-multiplicity events [185, 250), where both
leading and subleading jets are in the midrapidity region, the average subleading jet energy
loss is constrained to be less than 1.26% at the one-sided 90% confidence level for an average
pr of 103.5 GeV. The result aligns with measurements from other LHC experiments [16, 17]
and represents the first constraint on jet energy loss in pPb collisions using dijet observables.
Interpreting the combination of this strong upper limit on jet quenching and the previously
observed evidence for collective hydrodynamic flow in high multiplicity pPb events will require
further theoretical developments incorporating both physics phenomena.

7 Summary

The first search for jet quenching effects on dijet momentum balance in proton-lead collisions
at a nucleon-nucleon center-of-mass energy of \/% = 8.16 TeV was presented. The dijet
transverse momentum balance (x;), defined as the ratio of the subleading over the leading
jet in a dijet pair, was studied as a function of charged-particle multiplicity for several
dijet kinematic selections. The data collected by the CMS experiment with minimum bias
and special high-multiplicity triggers during the 2016 data-taking period corresponds to
an integrated luminosity of 174.6 nb~!. These special triggers aided the accumulation of a
substantial sample of high multiplicity events (producing up to 400 charged-particles per
event) and enabled jet-quenching signal search in high-multiplicity events.

An anti-kr algorithm with a distance parameter of 0.4 was used to reconstruct jets using
a combination of tracker and calorimeter information. The dijets were formed by the two
highest transverse momentum (pr) jets in the event with the minimum pt requirements of
100 GeV and 50 GeV, respectively, that pass back-to-back selection (azimuthal separation
greater than 57/6). The x; distributions for such dijets were measured for events in several
multiplicity ranges, and modifications of the measured distributions were quantified by taking
ratios of the measurements from the higher multiplicity event selections to that of the lowest
multiplicity class. These high-to-low multiplicity selection ratios were found to be close to
unity and in agreement with simulations that do not include jet-quenching effects. These
measurements set an upper limit on medium-induced energy loss of the subleading jet to
be less than 1.26% of its transverse momentum at the one-sided 90% confidence level at an
average pr of 103.5 GeV for high-multiplicity pPb events, where strong collective signals have
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Figure 1. The unfolded z; distributions, from lower to higher multiplicities, and for leading and
subleading jets in the midrapidity and backward regions, respectively, are shown. Comparisons with
the generator-level PYTHIA8+EPOS LHC simulation (green band) are also displayed. Monte Carlo
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Figure 2. The unfolded x; distributions, in the multiplicity range 185 < N2ine 950 from different

leading and subleading jet combinations for the midrapidity, forward, and backward regions, are shown.
Comparisons with the generator-level PYTHIA8+EPOS LHC simulation (green band) are also displayed.
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Figure 3. The unfolded z; ratio in the range 10 < N&Tine < 60, from lower to higher multiplicities
for leading and subleading jets in the midrapidity and backward regions, respectively, are shown.
Comparison with the generator-level PYTHIA8+EPOS LHC simulation (green band) are also displayed.
Monte Carlo event generation for multiplicities greater than 250 was deemed impractical.

been reported. Interpreting this upper limit on jet quenching and the previously observed
evidence for collective behavior in small systems will require further theoretical developments
to reproduce all observations.
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Figure 6. The unfolded x; distributions, from lower to higher multiplicities and for both leading
and subleading jets in the midrapidity region, are shown. Comparisons with the generator-level
PYTHIA8+EPOS LHC simulation (green band) are also displayed.
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Figure 7. The unfolded z; distributions, from lower to higher multiplicities, and for leading and

subleading jets in the midrapidity and forward regions, respectively, are shown. Comparisons with the
generator-level PYTHIA84+EPOS LHC simulation (green band) are also displayed.
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Figure 8. The unfolded z; distributions, from lower to higher multiplicities, and for leading and

subleading jets in the forward and midrapidity regions, respectively, are shown. Comparisons with the
generator-level PYTHIA84+EPOS LHC simulation (green band) are also displayed.
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Figure 9. The unfolded z; distributions, from lower to higher multiplicities, and for leading and

subleading jets in the backward and midrapidity regions, respectively, are shown. Comparisons with
the generator-level PYTHIA8-+EPOS LHC simulation (green band) are also displayed.

,18,



CMS pPb 174.6 nb™* (8.16 TeV) CMS pPb 174.6 nb™ (8.16 TeV)

g LA o s e o e o BB g TR o o o e O
4+ : voo4r
| anti-k, R - 0.4 ] . I —4— Unfolded Data ]
Ex I, 5%
& | IDJT‘ >100 GeV,p; >50 GeV 1 b4 + PYTHIA8+EPOS g
VI L Aq) >5_7T B g L B
g 2 fb— diets ~ 6 B = oL Systematic uncertainties
8 | ey . 2 ee— ]
; —a— \ ——
%Zé (o Leading: midrapidity - %Zé 0 Leading: midrapidity
Vi r 1 v r 1
8 (Pb) -n n(p) E 8_ F (Pb) - n(p) E
._g [ Subleading: midrapidity l o [ Subleading: midrapidity l
8 2F : ® 2F
~a PRI T T A T A A AT ;—. AR T B T A A A A
03 04 05 06 07 08 09 1 03 04 05 06 07 08 09 1
X: X;
] ]
= CMS pPb 174.6 nb™" (8.16 TeV) = CMS pPb 174.6 nb™* (8.16 TeV)
3 L e e s e 3 L
v 4 - v 4E
i \Y/
o r ] o [
= 2r 1T 2p
IS) F = - 1 1) =
g E——— S St
v S Vi a1
%Zé 0 Leading: midrapidity 1 %Zé 0r Leading: midrapidity
Y 3 4 \Y/ 3
8 L (D) n(p) 18 | (o n ()
o [ Subleading: midrapidity l o [ Subleading: midrapidity
§ -2F - ® -2
— PRI T T A T A A AT - AR T B T A A A A
* 03 04 05 06 07 08 0.9 1 = 03 04 05 06 07 08 09 1
X: X

i j
Figure 10. The unfolded x; ratio in the range 10 < Neine 60, from lower to higher multiplicities

for both leading and subleading jets in the midrapidity region, are shown. Comparison with the
generator-level PYTHIA84+EPOS LHC simulation (green band) are also displayed.
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Figure 11. The unfolded x; ratio in the range 10 < Neine 60, from lower to higher multiplicities

for leading and subleading jets in the midrapidity and forward regions, respectively, are shown.
Comparison with the generator-level PYTHIA8+EPOS LHC simulation (green band) are also displayed.
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Figure 12. The unfolded x; ratio in the range 10 < Neine 60, from lower to higher multiplicities

for leading and subleading jets in the forward and midrapidity regions, respectively, are shown.
Comparison with the generator-level PYTHIA8+EPOS LHC simulation (green band) are also displayed.
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Figure 13. The unfolded x; ratio in the range 10 < Neine 60, from lower to higher multiplicities

for leading and subleading jets in the backward and midrapidity regions, respectively, are shown.
Comparison with the generator-level PYTHIA8+EPOS LHC simulation (green band) are also displayed.
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Figure 14. The measured (raw) x; distributions, from lower to higher multiplicities and for both
leading and subleading jets in the midrapidity region, are shown. Comparisons with the reconstruction-
level PYTHIA84+EPOS LHC simulation (green band) are also displayed.
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Figure 15. The measured (raw) z; distributions, from lower to higher multiplicities and for leading

and subleading jets in the midrapidity and forward regions, respectively, are shown. Comparisons
with the reconstruction-level PYTHIA8+EPOS LHC simulation (green band) are also displayed.
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Figure 16. The measured (raw) z; distributions, from lower to higher multiplicities and for leading

and subleading jets in the midrapidity and backward regions, respectively, are shown. Comparisons
with the reconstruction-level PYTHIA8+EPOS LHC simulation (green band) are also displayed.
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Figure 18. The measured (raw) z; distributions, from lower to higher multiplicities and for leading
and subleading jets in the backward and midrapidity regions, respectively, are shown. Comparisons
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Figure 21. The measured (raw) z; ratio in the range 10 < Nfrﬁ?ine < 60, from lower to higher

multiplicities for leading and subleading jets in the midrapidity and backward regions, respectively,
are shown. Comparison with the reconstruction-level PYTHIA84+EPOS LHC simulation (green band)
are also displayed.
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Figure 22. The measured (raw) z; ratio in the range 10 < Nfrﬁ?ine < 60, from lower to higher
multiplicities for leading and subleading jets in the forward and midrapidity regions, respectively, are
shown. Comparison with the reconstruction-level PYTHIA84+EPOS LHC simulation (green band) are
also displayed.
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Figure 23. The measured (raw) z; ratio in the range 10 < N&fine < 60, from lower to higher
multiplicities for leading and subleading jets in the backward and midrapidity regions, respectively,
are shown. Comparison with the reconstruction-level PYTHIA8+EPOS LHC simulation (green band)
are also displayed.
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