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Abstract: Recent studies on high-multiplicity events in small collision systems (proton-proton and proton-lead)
have drawn considerable research interest toward the possibility of the formation of partonic medium in such sys-
tems. One of the important consequences of the formation of dense partonic medium is the quenching of high-mo-
mentum final-state particles, resulting in several experimental observations such as suppression in nuclear modifica-
tion factor Raa, modification of jet shape observable p(r) and jet fragmentation (z") distributions, etc. In this work,
we study p(r) and z" for inclusive charged-particle jets in proton-proton (pp) collisions at +/s = 13 TeV using the
PYTHIA 8 Monash 2013 Monte Carlo simulation. We show that the color reconnection (CR) and multiparton inter-
action (MPI) mechanisms in PYTHIA 8 can lead to an increased rate of jet production. We also find that the mech-
anisms of MPI and CR and change in the gluonic contribution in high-multiplicity events result in significant modi-
fication of p(r) and zh compared to those in minimum bias events for 10 < p%t}jet < 20 GeV/c. We notice a direct
connection of (Nypr) and gluonic contribution with the amount of modification in p(r): the larger the number of
MPIs and/or gluonic contribution, the larger the amount of modification of p(r).
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I. INTRODUCTION

Experimental observations at RHIC and LHC have re-
vealed that a system of deconfined quarks and gluons,
known as Quark-Gluon Plasma (QGP), is formed in
heavy-ion (AA) collisions at relativistic speeds [1-7]. A
conclusive statement about the formation of QGP re-
quires a comparison of measurements in heavy-ion colli-
sions with those from proton-proton (pp) and proton-nuc-
leus (pA) collisions at similar energies, where conven-
tionally no such system is expected to be present. Among
others, jet quenching and collective effects are the two
most striking observations whose presence in AA and ab-
sence in pp and pA collisions provide strong evidence of
QGP formation [8]. In high-energy elementary, hadronic,
and nucleus-nucleus collisions, the processes with large
(at a scale >> Agcp) momentum transfer (large Q*) res-
ult in two back-to-back high-momentum partons (quarks

and gluons). These high-momentum partons lose their
virtuality by producing a collimated cascade of partons in
the direction of the parent parton. Eventually, all partons
manifest themselves into collimated showers of experi-
mentally detectable hadrons, known as jets, via soft had-
ronization processes. The jet production and its proper-
ties are well described by the theory of perturbative
Quantum Chromodynamics (pQCD) in pp collisions
[9-11].

Although theoretical calculations [12—15] have hin-
ted towards the possibility of collective effects in small
collision systems long ago, with the onset of LHC, sever-
al experimental observations and model calculations
could actually find signatures indicating the existence of
these effects in pp and pA collisions, especially at high
multiplicities [16—28]. Interestingly, no jet quenching has
been reported in such events [29, 30]. It has, therefore,
drawn an immense interest in the study and understand-
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ing of the dynamics of small collision systems on both
theoretical and experimental fronts. Recently, several ef-
forts have been made to understand the sources for the
production of high-multiplicity events and their effects on
the final-state particles [31—64]. It is suggested in Refs.
[52—54, 65] that the existence of color-glass-condensate
in the initial state can give rise to large particle produc-
tion. The phenomena such as color reconnections (CR)
between the outgoing partons and multiparton interac-
tions (MPI) are also found to explain the production of a
large number of final-state particles in pp collisions [27,
39, 41, 42]. Ample signatures such as radial flow-like ef-
fects on spectra, ridge-like structure, mass ordering of el-
liptic flow (v,), strangeness enhancement, etc., which are
traditionally explained through the presence of hot and
dense QGP medium in AA collisions, are also observed
experimentally in high-multiplicity pp and pA collisions
at LHC energies. Surprisingly, the inclusive jet nuclear
modification factor (Ras) is found to be unity, thereby
challenging the notion of medium formation in these sys-
tems. In AA collisions, among others, differential jet ob-
servables such as jet shape (p(r)) and jet fragmentation
function (z") are studied to understand the jet-medium
interaction in detail [66—72]. Jets are found to get softer
and broader in the presence of a medium due to elastic
and inelastic collisions. Let us now concentrate on the
present status of pp studies. Interestingly, recent ALICE
measurement [73] of jet fragmentation function (z") in
pp collisions at +/s = 13 TeV shows significant modifica-
tion at high multiplicity compared to minimum bias
events. This is also reproduced by PYTHIA 8 Monash
2013, where no QGP medium effect is implemented. In
Ref. [74], MPI and CR mechanisms of PYTHIA 8 are
shown to modify jet shape (p(r)) distributions in high-
multiplicity pp collisions; however, the exact interplay
between these mechanisms causing the jet modification
has not been studied yet. Moreover, the modification of
different jet observables may also have different degrees
of sensitivity on the nature of the parent parton. It is,
therefore, of utmost importance to understand in detail
and quantify various contributions from the individual
sources leading to the jet modification in PYTHIA 8 in
the absence of the medium.

In this work, we study the jet shape observable p(r)
and jet fragmentation function (z") in minimum bias and
high-multiplicity event classes using the PYTHIA 8 Mon-
ash 2013 MC event generator. The study is performed in
the presence and absence of two important mechanisms
in PYTHIA 8, CR, and MPI (which are found to explain
some of the experimentally observed flow-like features in
high-multiplicity pp collisions [27, 39, 41, 42]). To un-
derstand the sensitivity of p(r) and z*" on the nature of the
parton, the gluon-initiated jets and their contributions to
the total inclusive jets are estimated, and associated ef-
fects on these observables are studied. The effect of mul-

tiparton interactions is also studied exclusively by using
event samples with different numbers of MPIs. This study
will help us identify and understand the impacts of MPI,
CR, and gluonic contribution on p(r) and z*" distribu-
tions.

The paper is organized as follows. The details of the
analysis and PYTHIA 8 simulation are discussed in Sec.
II. Section III describes the observable used in this study,
and the underlying event estimation technique is detailed
in Sec. IV. The obtained results in this work are dis-
cussed in Sec. V. Finally, we conclude with a summary in
Sec. VL.

II. PYTHIA SIMULATION AND ANALYSIS
DETAILS

This study is performed on events generated using
PYTHIA 8 (version 8.219) Monash 2013 [75]. PYTHIA
8 1is a multiparton interaction-based pQCD-inspired
Monte Carlo event generator widely used for hadronic
collisions. It performs transverse-momentum-ordered
(pr-ordered) parton showering, which interleaves the en-
tire perturbative evolution (initial state radiation (ISR), fi-
nal state radiation (FSR), and MPI), and the angular or-
dering is imposed by an additional veto [76, 77]. It also
includes color reconnection mechanism [78, 79]. Hadron-
ization in PYTHIA 8 proceeds via string breaking as de-
scribed by the Lund string model [80]. The Monash 2013
tune is based on a large set of LHC distributions, starting
from a careful comparison and tuning to LEP data. The
PDF used is the NNPDF2.3 [81] QCD+QED LO with
ay(My) = 0.130.

MPI is a natural consequence of the composite struc-
ture of the colliding hadrons, leading to several parton-
parton interactions occurring in one hadron-hadron colli-
sion (the schematic is shown in Fig. 1) and is implemen-
ted in PYTHIA 8 through a single unified framework [82]
that incorporates both soft and hard QCD MPI processes
[83].

The implementation of the color reconnection mech-
anism in PYTHIA 8 is schematically illustrated in Fig. 2.
The connection between the outgoing partons and the
beam remnants through color strings in the case of a
single hard scattering is shown in Fig. 2 (a). A second
hard scattering (Fig. 2 (b)) can be naively expected to
give rise to two new strings connected to the beam rem-
nants. This would result in a proportional increase in mul-
tiplicity; however, to successfully fit the data (see Ref.
[83] and references therein), it is instead assumed that the
partons are color reconnected so that the total string
length gets minimized (Fig. 2 (¢)).

MPIs occurring in a hadronic collision lead to the cre-
ation of an environment having several high-momentum
partons along with the soft ones in a small region (the
overlap area of the colliding hadrons), leading to high-
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(color online) Single hard scattering (left) and multiple hard scatterings, i.e., MPI (right), occurring in a single proton-proton

(b) ()

Illustration of the color reconnection mechanism in PYTHIA 8 (image directly extracted from Ref. [83]). (a) The outgoing

gluons are color-connected to the projectile and target beam remnants. (b) A second hard scattering with two new strings connected to

the beam remnants. (c) Color reconnected partons minimizing the total string length.

multiplicity events. The evolution of the scattered outgo-
ing partons to final-state collimated hadrons (jets) via
fragmentation and hadronization in such an environment
is expected to be different compared to the situation with
no MPI (only one hard scattering per hadronic collision),
which could affect the differential jet shape properties.
The fragmentation of independent hard scatterings
(MPIs) becomes correlated due to the color reconnection
mechanism [39] described earlier and is, therefore, expec-
ted to further modify the differential jet shape properties.

For this study, about 1000 million minimum bias
(MB) inelastic events are generated for pp collisions at
Vs = 13 TeV using PYTHIA 8 Monash 2013 for each of
the three following configurations:

e MPI: OFF, CR: OFF - In this configuration, both
multiparton interaction and color reconnection mechan-
isms of PYTHIA 8 are absent in the process of event gen-
eration

e MPI: ON, CR: OFF — The multiparton interactions
are present; however, the color reconnection mechanism
is absent in the simulation process in this configuration

e MPI: ON, CR: ON — Events are generated in the
presence of both MPI and CR mechanisms of PYTHIA §

The configuration 'MPI: OFF, CR: ON' is not that import-
ant for this study as the effect of color reconnection on

the number of produced particles is small in the absence
of MPI. High-multiplicity (HM) event class is selected as
the one that contains 5% of the total events with the
highest multiplicities, based on the number of charged
particles produced in the pseudorapidity regions 2.8 <
n < 5.1 and -3.7 < < —1.7. The above selection corres-
ponds to the number of charged particles to be greater
than 24, 127, and 83 for '"MPI: OFF, CR: OFF', 'MPI: ON,
CR: OFF', and 'MPI: ON, CR: ON' configurations, re-
spectively. The choice of pseudorapidity range is guided
by the experimentally available coverage range of for-
ward detectors [84] used for multiplicity selection. The
current study is performed using the particles produced at
mid-rapidity to avoid autocorrelation. The generated
particles are subjected to the kinematic cuts: [l < 0.9
and p$.iae > 0.15 GeV/e. The restriction on # has given
access to the particles only in the mid-rapidity region,
whereas the condition for the particles to have pr as low
as 0.15 GeV/c has the significance of allowing us to test
perturbative and non-perturbative aspects of jet produc-
tion. The particle selection criteria are chosen to match
experimental conditions [10, 85].

Jets are reconstructed with charged particles using an
infrared- and collinear-safe sequential recombination
anti-kr algorithm [86] from the FastJet package [87] with
jet resolution parameter R (= +/(An)* + (Ap)*) = 0.4. Jets
are accepted for the study if 7| < 0.5 (0.9 - R) and jet
transverse momentum p%‘fjet > 10 GeV/e.

To select gluon-initiated jets, one needs to properly
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match the hard-scattered partons in an event to the recon-
structed charged-particle jets using some effective al-
gorithm. We have taken into consideration an algorithm
based on the "distance of closest approach". In this al-
gorithm, first, we identify the two outgoing hard scattered
partons and their flavors (quark or gluon) using the in-
formation from the PYTHIA event output. In the same
event, we then determine unique pairs between these ini-
tial hard-scattered partons and reconstructed jets in such a
way that the geometrically closest jet is matched to the
parent parton. The jets having pr less than 20% of the
matched parton pr are rejected to avoid fake jets. This
cutoff of 20% for rejecting fake jets is also varied up to
50% and no significant change in the final results is ob-
served. The reconstructed jets matched to parent gluons
are considered gluon-initiated jets.

III. OBSERVABLES

In this work, we study the differential transverse mo-
mentum distribution of charged-particle jets (ﬁ d‘;,zT}Z,];
where Neenis 1S the number of events, and N is the num-
ber of jets), differential jet shape (o(r)), and jet fragment-
ation function (z*") for charged-particle jets.

The differential jet shape is related to the radial distri-
bution of jet transverse momentum density inside the jet

cone about the jet axis and is defined as:

Nje!s

Ar Now ;piT(r—Ar/Z,r+Ar/2)/PCT},‘jet (1)

p(r) =

where » is the distance from the jet axis, and
pr(r—=Ar/2,r+Ar/2) denotes the summed pr of all
particles of i-th jet inside the annular ring between
r—Ar/2 and r+Ar/2.

The jet fragmentation function represents the fraction
of the jet transverse momentum carried by the constitu-
ent charged particles and is sensitive to the details of the
parton showering process. It is defined as:

pch

h T, particle

= @
DT jet

The study of p(r) and z" is very important since these
observables are sensitive to both the fragmentation pro-
cess and the nature of the initial hard-scattered partons
(quark or gluon) [88—92]. In the presence of the medium,
jet constituents lose their energy via inelastic and elastic
scatterings due to jet-medium interaction, and their mean
opening angle also becomes larger. This results in the
steepening of z! and flattening of p(r) distributions, lead-
ing to the broadening and softening of jets in medium
compared to those in vacuum. The observables p(r) and

Zh are sensitive to the degree of jet modification in

heavy-ion collisions. In the case of high-multiplicity pp
and p—Pb collisions, these observables might be poten-
tially capable of verifying the conjecture of medium
formation in small collision systems [91, 92].

IV. UNDERLYING EVENT

Reconstructed jets are contaminated by the underly-
ing event (UE) which can be defined as the charged
particles except those coming from the fragmentation of
hard-scattered partons. The UE mostly consists of
particles from the beam-beam remnants, initial and final
state radiations, and contributions from MPIs [93]. The
empirical models used for the description of the non-per-
turbative aspects in the evolution of a high-energy scat-
tering event do not allow to clearly distinguish particles
originating from hard processes and the underlying event
[94]. The UE is estimated from circular regions trans-
verse to the measured jet cones, known as the perpendic-
ular cone (PC) method, in each event. The size of these
circular regions is defined by the radius of the jet R = 0.4
at the same pseudorapidity as the considered jet but off-
set at an azimuthal angle Ag = +7/2 relative to the jet ax-
is. For the estimation of UE contribution to the p(r) distri-
bution, annular rings of the same size as those inside the
jet cones are considered inside each of the perpendicular
circular regions. The UE contributions to the o(r) and z
distributions are respectively calculated using the follow-
ing expressions:

Npc
1

ZpiT(r—Ar/2,r+Ar/2)/p§l?jet, (3)
i=1

UE _
p(nN= Ar Nee 2

where Npc is the number of perpendicular cones, 7 is the
distance from the axis of the perpendicular cone, and
pr(r—=Ar/2,r+Ar/2) denotes summed pr of all particles
inside the annular ring between r—Ar/2 and r+ Ar/2 and

ch,PC
ch,UE __ I’T,particle
i , “4)

PT.jet

where P%’}iﬁicle is the pr of a particle in the perpendicular

cone. The subtraction of UE is performed on a statistical
basis to obtain the corrected distributions.

To perform a systematic check, a random cone (RC)
method is also applied to estimate the underlying event
contribution in the studied jet observables. In this meth-
od, two cones are randomly generated with the same # as
the considered jet, but in the expanded transverse region
(one cone within 7/3 <A¢ <2n/3 and another within
—2n/3 < Ap < —r/3, Ag being the difference between the
considered jet and the random cone in azimuthal angle ¢)
with respect to the jet axis, unlike at a fixed value of azi-
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muthal angle (A¢ = +7/2) as in PC method. No signific-
ant difference is observed in the UE contribution as com-
pared to the PC method.

V. RESULTS AND DISCUSSION

A. Comparison with experimental data

First, we compare the ALICE data [73] to PYTHIA 8
predictions in Fig. 3, which shows the ratio of charged-
particle jet fragmentation distributions for leading jets (jet
with the highest pr in an event) in the interval 10 <
P < 20 GeV/c between high-multiplicity and minim-
um bias event classes in pp collisions at /s = 13 TeV.
Similar track and jet selection criteria as in data are ap-
plied in PYTHIA 8 for this comparison. However, the
event selection is slightly different. In Ref. [73], HM
events are selected using the detector level information
(based on the two scintillator detectors VOA and VOC in
ALICE) both for data and PYTHIA 8 simulation; where-
as, in this study, we use the information of final-state
particles in the same pseudorapidity coverage as de-
scribed in Sec. II. In this case, the selected HM event
class comprises 0.1% of the total events with the highest
multiplicities to match the selection criteria of Ref. [73].
Nonetheless, it is found that, even without implementa-
tion of any medium effects, PYTHIA 8 reproduces the jet
modification observed in data fairly well. This observa-
tion is very interesting and indicates that PYTHIA 8 in-
deed incorporates underlying physics mechanism(s)

e T S
- pp Vs =13 TeV ]
- ch ch ]
) 1.4 o pT, particle >0.15 GeV/e, |npanicle| <09 7
= 1o I_ Charged-particle leading anti-k; jets _I
=[5 L "< 0.5 R=04 -
Slo N :z: jet ]
di T e T T T T o
= C o 10 < pTI ot <20 GeV/c A
~ 08 —a ]
s I e .
Z o06fF - . -
c B *A*iAi N
=>|° - A i
B3 g4fF = ALICE Data e
- Zhl L 2 PYTHIA 8 Monash 2013 -]
0.2 —

obo v v b 1
0 0.2 0.4 0.6 0.8 1
Zch — pch / ch
pT, particle pT, jet
Fig. 3. (color online) Ratio of charged-particle jet fragment-

ation distributions for leading jets in the interval 10 < p%‘j o <
20 GeV/c between high-multiplicity and minimum bias event
classes in pp collisions at +/s = 13 TeV. The red solid boxes
and blue open triangles represent ALICE data and PYTHIA 8
Monash 2013 predictions, respectively. The systematic uncer-
tainty in data is represented by orange bands.

which can capture the features of jet modification ob-
served in experimental data. It is, therefore, very import-
ant to understand these underlying physics mechanism(s)
in PYTHIA 8. We investigate the effect of MPI and CR
on the transverse momentum (pr) spectra of the charged-
particle jets, jet shape (o(r)), and jet fragmentation func-
tion (z") in MB and HM event classes.

B. Jet pr spectra

We compare the pr spectra of charged-particle jets
between 'MPI: ON, CR: ON', 'MPI: ON, CR: OFF', and
'MPI: OFF, CR: OFF' configurations in Fig. 4 for the MB
event class. The top panel shows the pr spectra of
charged-particle jets, and the bottom panel shows the ra-
tios of spectra in 'MPI: ON, CR: ON' and 'MPI: ON, CR:
OFF' configurations with that in 'MPI: OFF, CR: OFF'
configuration. It is interesting to observe that the rate of
jet production increases when MPI effects are switched
ON. Compared to the 'MPI: OFF, CR: OFF' configura-
tion, the rate of jet production increases by about 60%
when only MPI is switched ON while it increases to
about 86% when CR is switched ON in addition to MPI
at low jet pr (10 — 15 GeV/c). The observed increase in
the rate of jet production decreases with increasing jet pr
for both configurations. This is an indication of multiple
jet production due to multiparton interactions, which is
expected to be more prominent at low jet pr [82].

107 T T T T T T T T
2
10 Minimum bias
= 10° —£— MPI: OFF, CR: OFF (C1)
=S, —A— MPI: ON, CR: OFF (C2)
“"o% 104 #:B: —— MPI: ON, CR: ON (C3)
% 5 j&@:
- 3 10 :&%
2 -
6 -~
10 -,
EQ;E!E
.y
107 g g
E....I....I....I....I....I....I....I....I....:
25f- 3
o 5 E—+ —--C2/C1 3
T 1sbh ~#-C3/C1 3
o ’ e
. 3
05
1
Fig. 4. (color online) Top panel: Inclusive charged-particle

jet pr spectra in pp collisions at /s = 13 TeV using PYTHIA
8 Monash 2013 for MB event class. Open red boxes, open
black triangles, and solid blue circles correspond to 'MPI:
OFF, CR: OFF' (C1), 'MPIL: ON, CR: OFF' (C2) and 'MPI:
ON, CR: ON' (C3) configurations respectively. Bottom panel:
Ratios of pr spectra for the last two configurations (C2 and
C3) with respect to the first configuration (C1).
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C. Jet shape and jet fragmentation

Figs. 5 (a) and 5 (b) show, respectively, the jet shape
(p(r)) plotted as a function of distance » from the jet axis
and jet fragmentation (z*") for inclusive charged-particle
jets in the interval 10 < p$;, < 20 GeV/c for HM and MB
event classes in the top panels and their corresponding ra-
tios in the bottom panels. The solid and open markers
represent 'MPI: ON, CR: ON' and 'MPI: OFF, CR: OFF'
configurations, respectively. Solid markers are scaled by
a factor of 10 for better readability. Significant amounts
of modifications in jet shape and jet fragmentation func-
tion are observed in the HM event class compared to that
in the MB event class.

The modification in jet shape is more prominent when
CR and MPI effects are switched ON. As evident from
the ratio plots of p(r) as shown in Fig. 5 (a) (bottom pan-
el), the core of the jet in HM event class is depleted by
about 22%, and the energy is redistributed away from the
jet axis, resulting in an enhancement in p(r) at larger r
(> 0.15). Results are shown only up to » = 0.36 as the last
bin (» = 0.36—0.4) is significantly affected by underlying
event contribution and statistical fluctuations. The ratio
plots of z*" distributions, as shown in Fig. 5 (b) (bottom
panel) illustrate a similar observation where the produc-
tion of high z" particles is substantially suppressed (by
about 40% at z" — 1) in the HM event class compared to
that in MB. We look at the distributions of the number of
MPIs (Nuvpr) in both MB and HM event classes with
'MPI: ON, CR: ON' configuration and evaluated their
mean values using the expression:

Nevents

_ E i
<NMPI> - NMPI ’ (5)
events
i=1
T T T T T T
10 PYTHIA 8 Monash 2013
pp Vs =13 TeV N
P >0.15GeVic, In™ 1<0.9
3 T, particle particle
10 Charged-particle anti-k jets, R = 0.4
ch)
|17]e‘| <05
1 Inclusive ets, 10 GeV/c < p%' <20 GeVie
= E S e g
S 5 e
O
0= -0 S
o5
1 —O—
[ —@— HM (MPI: ON, CR: ON) x 10' —B— MB (MPL: ON, CR: ON) x 10' b
1 0’1 E —&— HM (MPI: OFF, CR: OFF) —HE— MB (MPI: OFF, CR: OFF) =
1.2 £ } } } } } } =
o 11E ° =
° ° o
= 1~ {}@@ﬁﬁi"'f' """"""""""""""""""
-0 & o
=~ 0.9 (}+ —- =
% 0.8 Fe- —— MPI: ON, CR: ON =
0.7 —&— MPI: OFF, CR: OFF =

0 005 01 045 02 025 03 035
Distance r from jet axis

(a)
Fig. 5.
TeV using PYTHIA 8 Monash 2013 in the interval 10 < p<P

T, jet

where Ngenis 1S the total number of events in the selected
event class, and Nl is the number of MPIs in the i-th
event, obtained directly from PYTHIA 8. Fig. 6 shows
the Nyp distributions for the two event classes. It is im-
portant to note that the average number of multiparton in-
teractions in the HM event class is found to be much lar-
ger (14.5) compared to that (3.5) in the MB event class.

It is very interesting to notice that the effect of redis-
tribution of energy from the jet core to outer radii and the
suppression of high z*" particles are significantly reduced
when the CR and MPI effects in PYTHIA 8 are switched
OFF. A small depletion of the core and enhancement at
larger r for p(r) and suppression at high z" for jet frag-
mentation distribution are, however, still present. The ori-
gin of this residual effect of jet modification in 'MPI:
OFF, CR: OFF' configuration can be understood in terms
of the difference in the contribution of gluon-initiated jets
in HM event class compared to that in MB as discussed
below.

Gluon-initiated jets are expected to fragment into
more constituents and become softer and broader com-
pared to quark-initiated jets due to their large color factor
[95, 96]. By applying the matching procedure described
in Sec. II, we identify the charged-particle jets initiated
from the initial hard-scattered partons (quark or gluon)
and estimate the gluonic contribution as the fraction of
gluon-initiated jets out of the inclusive matched jets. We
find that the inclusive matched jets in the HM event class
contain higher contributions from gluon-initiated jets
compared to those in the MB event class. For the jets in
the interval 10 <pfi, < 20 GeV/c (40 <pf, < 60
GeV/c), the contribution from gluon-initiated jets is 86%
(81%) in HM while 75% (73%) in the MB event class.
This difference in the gluonic contribution in the HM

T T T T T T T T =
PYTHIA 8 Monash 2013 =
10° pp s =13 TeV , -
P >0.15GeV/e,In™ . 1<0.9 3
4 T, particle particle’
10 Charged-particle anti-k. jets, R = 0.4 B
chy =
=I5 10° Injm|<o.5 -
3 N Inclusive jets, 10 GeV/c < p" < 20 GeV/c 3
© 102 - T jet =
8 " E
—|_2 n
1 —O— ==
z 10 —o— - E
——_4 —8— _ 3
1 5 3
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(color online) Top panels: Distributions of (a) p(r) and (b) z*! for inclusive charged-particle jets in pp collisions at s = 13
< 20 GeV/c for 'MPI: ON, CR: ON' and 'MPI: OFF, CR: OFF' configura-

tions. Blue circles and red boxes correspond to HM and MB event classes, respectively. Bottom panels: Ratios of (a) o(r) and (b) z*"

distributions between HM and MB event classes.
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Fig. 6. (color online) Distributions of no. of MPIs for HM

and MB event classes in 'MPI: ON, CR: ON' configuration.

event class compared to MB is, therefore, expected to
modify the distributions of p(r) and z". To remove this
dependence on the difference in gluonic contribution, we
look at the ratios of p(r) and z" distributions between
HM and MB event classes for gluon-initiated jets only in
the 'MPI: OFF, CR: OFF' configuration, as shown in Fig.
7. We find that the residual effects observed in case of in-
clusive jets further get reduced and the ratio tends to-
wards unity.

The effect of MPI and CR is dominant at low pr [82],
therefore the observed jet modification is expected to get
reduced at higher jet transverse momentum region. Figs.
8 (a) and 8 (b) show respectively the distributions of p(r)
and z™ in the interval 40 < p§;, < 60 GeV/c for HM and

T T T
10° PYTHIA 8 Monash 2013
pp (s=13TeV
p >0.15 GeV/c, Inp |<0.9

T, particle article

2
10 Charged-particle anti-k+ jets, R = 0.4
|71:| <0.5
3 10 Gluon-initiated jets, 10 GeV/c < pg'im <20 GeV/c
Q o005 5 O
-0

—O0—_ 5

1 —O—

MPI: OFF, CR: OFF
107! —6— HM
—5— MB

0.8F =
0.7F =

0 006 01 015 02 025 03 035
Distance r from jet axis

(a)

HM / MB
o
©

Fig. 7.
PYTHIA 8 Monash 2013 in the interval 10 < p<h

T, jet

MB event classes in the top panels and their ratios in the
bottom panels. It is found that the amount of jet modifica-
tion is significantly reduced at higher jet pr.

We conclude from the above observations (Figs. 5, 7
and 8) that the main sources responsible for modifica-
tions of p(r) and z" in PYTHIA 8 in HM event class
compared to that in MB event class are the mechanisms
of MPI and CR and change in the contribution of gluon-
initiated jets in HM event class.

To further understand the effect of MPI on jet modi-
fication more accurately in a quantitative manner, we per-
form a systematic study using only the jet shape observ-
able p(r) with event samples having different numbers of
MPIs, as discussed in the next subsection. The effect of
CR on jet modification is also quantified.

D. Effect of MPI and CR on observed jet modification

To investigate the role of multiparton interactions in
the modification of p(r), we divide the event samples
based on the number of MPIs into four different classes,
I, II, I, and IV, containing events with the number of
MPIs > 4, 8, 12, and 20, respectively. This study is per-
formed using PYTHIA 8 with default configuration
('MPI: ON, CR: ON") and for inclusive jets in the interval
10 < p%‘fjet < 20 GeV/c. We estimate the average number
of multiparton interactions ((Nwp)) for different event
classes using Eq. (5) and correlate it to the amount of
modification observed in p(r). Table 1 shows the values
of (Nwpr) for different event classes. The value of (Nypr)
increases from 9.1 to 22 while going from event class I to
IV. Fig. 9 shows the ratios of p(r) distributions of differ-
ent event classes with respect to that in the MB event

T T T T
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p.  >0.15GeVic,Ip _ |<0.9
4 T, particle particle’
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-2 10 —0—
e o
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107 - —6— HM —o—
5 —&— MB
10~ ! ! ! } | | |
1.4
g 1.2
e ©
S, ; O P Ol Sl M) § il
s .
T 06

0071 02 03 04 05 06 07 08 09 1
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zh = /
pT, particle pT, jet

(b)

(color online) Top panels: Distributions of (a) p(r) and (b) z*" for gluon-initiated jets in pp collisions at +s = 13 TeV using
< 20 GeV/c for 'MPI: OFF, CR: OFF' configuration. Blue circles and red boxes cor-

respond to HM and MB event classes respectively. Bottom panels: Ratios of (a) p(r) and (b) z*" distributions between HM and MB

event classes.
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(color online) Top panels: (a) Inclusive charged-particle jet shape (o(r)) distributions and (b) jet fragmentation (z") distribu-
tions in pp collisions at /s = 13 TeV using PYTHIA 8 Monash 2013 in the interval 40 < p%*}

< 60 GeV/c for 'MPI: ON, CR: ON' and

jet

'MPI: OFF, CR: OFF' configurations. Blue circles and red boxes correspond to HM and MB event classes, respectively. Bottom panels:
Ratios of (a) p(r) and (b) z*" distributions between HM and MB event classes.

Table 1. Values of (Nmpr).
Event class (Nwpr)
MB 3.5
1 9.1
11 124
11T 15.3
v 22

class. The amount of modification observed in p(r) at the
jet core increases for event classes with larger (Nypr). For
event class IV, where (Nypr) = 22, the modification at the
jet core is the highest, reaching up to 40%. This observa-
tion exclusively supports the existence of a direct connec-
tion between the amount of modification of p(r) and the
number of MPIs in PYTHIA 8.

To quantify the effect of CR, we compare the p(r)
distributions for 'MPI: ON, CR: ON' and 'MPI: ON, CR:
OFF' configurations with '"MPI: OFF, CR: OFF' configur-
ation in one event class (MB) for inclusive jets in the in-
terval 10 < pf",, < 20 GeV/c as shown in Fig. 10. Com-
pared to 'MPI: OFF, CR: OFF' configuration, about 26%
(7%) of modification of jet core, » = 0—0.02 (outer region,
r = 0.24—0.28) is observed when only MPI is switched
ON while the modification increases to 33% (16%) when
CR is switched ON in addition to MPI.

E. Effect of change in gluonic contribution on ob-
served jet modification

To understand exclusively the effect of change in
gluonic contribution on jet modification, we study p(r)

ST L LA B B B B Ry =
[ PYTHIA 8 Monash 2013 ]

16k pp Vs =13 TeV i

6 p, e > 0-15 GeV/e I 1<0.9 ]

I Charged-particle anti-k jets, R = 0.4 R

= 14r |nicef:|<0_5 ]
@ - Inclusive jets, 10 GeV/c < p" <20 GeV/c B
Q_E 1.2 T, jet —

0.8 o0 MPI: ON, CR: ON ]
A —— XENMPI>4 T
L7 —6— X=Nyp>8 ]
0.6~ —5— X=Ny, > 12 -
r —A— X=Nyp >20 ]
04'....|....|....|....|....|....|....|'
"0 0.05 0.1 0.15 0.2 025 0.3 0.35
Distance r from jet axis
Fig. 9. (color online) The ratios of p(r) distributions of dif-

ferent event classes (I: red solid box, II: black open circle, III:
red open box, IV: blue open triangle) with respect to that in
MB event class.

distribution in the interval 10 < pf*, < 20 GeV/c for jet
samples containing different fractions of gluon-initiated
jets. We perform this study using PYTHIA 8 with default
configuration (‘'MPI: ON, CR: ON'). We first consider in-
clusive matched jets from MB events as sample-1 (where
the gluonic contribution is 81.2%); then, we randomly re-
move 10%, 20%, and 30% of gluon-initiated jets from
sample-I to obtain sample-II, sample-III, and sample-1V
respectively which correspond to 79.6%, 77.6% and
75.1% gluonic contributions in inclusive matched jets. To
illustrate the sensitivity of jet modification to the change
in the fraction of gluon-initiated jets, we study the ratio of
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Fig. 10. (color online) Top panel: Inclusive charged-particle
jet shape (p(r)) distributions in pp collisions at /s = 13 TeV
using PYTHIA 8 Monash 2013 in the interval 10 < pT e < 20
GeV/c in MB event class. Open red boxes, open black tri-
angles, and solid blue circles correspond to '"MPI: OFF, CR:
OFF' (C1), 'MPI: ON, CR: OFF' (C2) and 'MPI: ON, CR: ON'
(C3) configurations respectively. Bottom panel: Ratios of p(r)
distributions for the last two configurations (C2 and C3) with
respect to the first configuration (C1).

p(r) distributions obtained from sample-II, III, and IV to
that from sample-I as shown in Fig. 11. As expected, the
modification in p(r) increases with increasing change in
gluonic contribution. It is found that a change of 6% in
the gluonic contribution from 81.2% (sample-I) to 75.1%
(sample-1V) leads to about 7% modification of the jet
core (p(r),_,). This observation further supports our
finding (as discussed in Sec. V.C) that the amount of jet
modification, indeed, is dependent on the change in
gluonic contribution.

VI. SUMMARY

In summary, we studied the differential jet transverse
momentum, differential jet shape p(r) and jet fragmenta-
tion z* distributions for inclusive charged-particle jets in
high-multiplicity and minimum bias pp collisions at +/s =
13 TeV using PYTHIA 8 Monash 2013 MC simulation.
Jets were reconstructed from charged particles at mid-
rapidity using the anti-kr jet finding algorithm with jet
resolution parameter R = 0.4. Contributions from UE
were estimated using the perpendicular cone method and
subtracted on a statistical basis. The distributions of p(r)
and z were obtained with '"MPI: OFF, CR: OFF', 'MPI:
ON, CR: OFF', and 'MPI: ON, CR: ON' configurations.
HM event class was defined as the top 5% of the total
events with the highest multiplicities, based on the num-
ber of charged particles produced in the pseudorapidity
range2.8 < n <S5.1and -3.7 < < -1.7.

12—
I PYTHIA 8 Monash 2013

E pp Vs=13TeV

Py e > 0-15 GeVie, |’7pamme| <0.9
Charged-particle anti-k jets, R = 0.4
11E |nf;|<0.5

~ E Inclusive matched jets, 10 GeV/c < p' < 20 GeV/c
a 1.05 T
~ L [ —
= 1:_ ........... . aﬁ:!:%
g }ﬁi* ]
a A ]
0.95[% * =
' k- MPI: ON, CR: ON b
F —&— X = Gluonic contribution: 79.6% B
09F —#— X = Gluonic contribution: 77.6%  —
F —4—— X = Gluonic contribution: 75.1% ]
0'85'....I....I....I....I....I....I....I'
0O 005 0.1 015 0.2 025 03 0.35
Distance r from jet axis
Fig. 11.  (color online) The ratios of p(r) distributions ob-

tained from sample-II, sample-III, and sample-IV to that in
sample-I (MB) in the 'MPI: ON, CR: ON' configuration.

We observed a significant amount of modification of
jet shape p(r) and jet fragmentation z" distributions in
the HM event class compared to the MB event class for
10 < pf < 20 GeV/e. The jet core (p(r)l,_,) is modified
by about 22%, followed by a small enhancement at lar-
ger r (>0.15), whereas the production of high z
particles is suppressed by about 40% at z" — 1 in the
HM event class compared to that in MB. The enhanced
number of MPIs and the change in the number of gluon-
initiated jets in the HM event class, along with the color
reconnection mechanism, are the main sources causing
modifications of p(r) and z" distributions. For high-pr
jets (40 < pf, < 60 GeV/c), the observed jet modifica-
tion is significantly reduced. We also found a direct con-
nection of (Nwp) and gluonic contribution with the
amount of modification in p(r) — the larger the number of
MPIs and/or gluonic contribution, the larger the amount
of modification of p(r).

The findings of this work emphasize the necessity of
a better understanding of the origin of particle production
in high-multiplicity events in pp collisions. The modifica-
tion of p(r) and z" in HM events and their strong correla-
tions with the underlying physics mechanisms such as
MPI and CR as well as with the change in the gluonic
contribution compared to that in MB events demand a
very careful study and interpretation of such observables
by the experimental community. Although disentangling
gluon-initiated jets experimentally will be challenging,
studying the multiplicity dependence of p(r) and z" for
pure gluonic jets would be worth pursuing.
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