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Abstract Resonance production in proton—proton colli-
sions at »/s = 7 TeV and 13 TeV have been investigated
using a Pythia 8 event generator within the framework of
microscopic processes including color reconnection and rope
hadronization. Specifically, the observable effects of differ-
ent modes of color reconnections on the ratio of yields of
mesonic and baryonic resonances with respect to their sta-
ble counterpart have been explored as a function of mean
charged particle multiplicity. A suppression in the ratio is
observed as a function of the mean number of charged parti-
cles for mesonic resonances. The ¢ /K and ¢ /7 ratios show
an enhancement for high-multiplicity events due to enhanced
production of strange quarks via the microscopic process of
rope hadronization in the partonic phase. The mechanism of
the hadronization of color ropes together with the quark—
gluon plasma (QCD)-based color reconnection of partons
predicted an enhancement in the ratio for baryonic reso-
nances to non-resonance baryons having similar quark con-
tent. The yield ratios of resonances are found to be indepen-
dent of the collision energy and strongly dependent on event
activity.

1 Introduction

Proton—proton (p—p) collisions have been studied extensively
as a reference for the study of medium-induced phenomena
in heavy ion collisions. However, recent measurements per-
formed in high-multiplicity p—p and proton—lead (p—Pb) col-
lisions at the Large Hadron Collider (LHC) exhibited features
such as strangeness enhancement [1], long-range ridge-like
structure in the near side of two-particle correlations [2], and
collectivity effects [3] which are similar to those observed
in heavy ion collisions. These interesting observations have
inspired the investigation of collectivity-driven features in
small systems (like p—p) that are currently actively pursued.
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In high-energy experiments at the Relativistic Heavy Ion Col-
lider (RHIC) and LHC, the bulk properties of the medium
formed due to collision of heavy ions have been widely stud-
ied to comprehend the conditions of the late hadronic phase
together with the effects of collective expansion from the
initial stages. The hadronic resonances whose lifetimes are
shorter than or comparable to the time scale for evolution
of the fireball are extremely sensitive to probe the proper-
ties of the dense medium [4]. This might lead to modifica-
tions in their production rate and characteristic properties
(such as in vacuo mass and width) due to dynamical inter-
actions with the surrounding matter. The fraction of reso-
nances that decay before the kinetic freeze-out (vanishing
elastic interactions) are less likely to be reconstructed due to
elastic scattering of the decay products with the surround-
ing medium, known as the resonance re-scattering effect.
Alternatively, the yield might increase in the hadronic phase
via interactions known as resonance regeneration and can
partially or fully compensate the yield loss due to the re-
scattering effect. The observation of suppression of the rela-
tive yield ratios of K*O/K [5,6] and A(1520)/A [7] with
centrality was attributed to the interplay of the medium-
induced effects in the hadronic phase. The EPOS model esti-
mations on hadronic resonances also described the suppres-
sion of K**/K in central Pb—Pb collisions due to interac-
tions in the extended hadronic phase [8,9]. However, recent
observation of suppression of K**/K in high-multiplicity
p—p collisions [10] has triggered discussions regarding the
role of other microscopic mechanisms present in the par-
tonic phase. The p—p system, due to its smallness, is not
expected to have a medium or active hadronic phase to
account for the observed suppression. The study of such
small systems provides insights into the degree of similar-
ity of the hadronization process to that present in larger sys-
tems, and can shed light on the contributions from the ini-
tial partonic phase. It was recently reported that microscopic
processes such as color reconnections and rope hadroniza-
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tion were able to describe the observation of strangeness
enhancement [11,12], near-side long-range ridge-like cor-
relations [13], and flow-like effects [3] in p—p collisions at
LHC energies. In a recent study on p—p collisions using the
Pythia 8 generator [15], the QCD-based color reconnection
mechanism was able to reproduce the suppression trend in
the K*0 /K ratio as a function of event activity [16]. Color
reconnections (CR) refer to the mechanism of formation of
hadronizing strings between the outgoing partons regardless
of their formation history. The Pythia 8 model implements
the mechanism on the basis of minimization of the total string
potential energy stored in these strings. The final outgoing
partons generally tend to be color-correlated with the partons
which are nearer to them in momentum space, resulting in
minimizing the string length. Consequently, the total poten-
tial energy stored in these strings is also minimized. The
details of the color reconnection mechanism can be found
in Refs. [17,18]. In Pythia 8, the QCD-based color recon-
nection [(Color reconnections((1)] allows the formation of
junctions where three color lines join and can result in an
enhancement of baryons. For high-multiplicity p—p colli-
sions, it may happen that several strings are very close to each
other and thus mutually interact to form color ropes. These
ropes have a larger effective string tension and are likely
to fragment into more strange quarks and di-quarks, which
leads to enhanced production of baryons and strange hadrons
[19,20]. The suppression of mesonic resonances using Pythia
8 was attributed to the mechanism of QCD-based color recon-
nection [16]. The CR lead to the formation of shorter string
lengths which are more likely to fragment into less massive
particles. As resonances are massive, the resonance-to-non-
resonance ratio decreases for high-multiplicity events where
the effect of color reconnections is more noticeable. In this
work, the study of resonance-to-non-resonance ratios is car-
ried out to investigate the effects of CR and rope hadroniza-
tion on mesonic and baryonic resonances using Pythia 8.

2 Pythia 8 simulations

This study is based on 20 million events of inelastic p—p col-
lisions generated at /s = 7 TeV and 13 TeV each using
the Pythia 8 event generator. The Monash 2013 tune [21]
was used to simulate the events with multi-partonic inter-
actions (MPI), rope hadronization (RH), and two different
modes of color reconnections [color reconnections(0) and
color reconnections (1)]. The color reconnections (0) refers
to the MPI-based reconnection scheme where lower pr par-
tons are added to higher pr partons to minimize the string
length. The color reconnections (1) reconnection scheme is
the QCD-based model based on minimizing the string length,
where the QCD multiplets can produce triplets and junc-
tions which produce more baryons. The production of various
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mesonic resonances including K*, ¢, n/, and p, as well as the
baryonic resonances such as A™, »*0 and %9, specifically
the ratios of their yield to the yield of their stable counterpart
(having same quark content), is studied as a function of event
activity. The ratios of the considered resonance particles with
their stable counterpart were obtained for || < 0.5 for dif-
ferent configurations. The configurations involved various
combinations of the different modes of color reconnections
with (and without) the formation of ropes. As the number of
MPIs is strongly correlated with the observed charged par-
ticle multiplicity, the effect of various mechanisms on the
resonance-to-non-resonance ratio is studied as a function of
mean charged particle multiplicity (< Nc¢h >). The observed
variation with respect to < Ng, > is expected to yield a
similar trend as a function of the number of multi-partonic
interactions (event activity) and is advantageous, as the pre-
dictions can be directly compared with experimental results.
Table 1 shows the various configurations used for the analy-
sis.

3 Mesonic resonances

Figure 1 shows the yield ratios of K**/K as a function of
< N > for p—p collisions at 4/s =7 TeV and 13 TeV. In the
left panel of Fig. 1, the ratio of K*/K shows a gradual sup-
pression for high-multiplicity events for QCD-based color
reconnection [color reconnections (1)] when compared to the
scenario where there is no color reconnection or there is only
MPI-based color reconnection [color reconnections (0)]. The
suppression trend is qualitatively similar to that observed in
data as measured by the ALICE experiment [22,23]. How-
ever, the values slightly overestimate the measured data for
7 TeV, while the agreement is good for 13 TeV. The val-
ues obtained after enabling RH are similar to those of color
reconnections (1), and its effect is not significant. The middle
panel and the lower panel compare the ratio for p—p collisions
at o/s = 7 TeV and 13 TeV. There is no effect of increasing
the beam energy on the ratios, indicating that the suppression
is comparable for similar event activity. The suppression is
similar for both color reconnections -off and color reconnec-
tions (0) mode. The enabling of CR leads to the production of
a large number of shorter strings, and the effect is more pro-
nounced for the color reconnections (1) scheme [16]. There-
fore, the production of massive K*° is suppressed compared
to kaons in high-multiplicity events, as shorter strings frag-
ment to less massive particles. The formation of ropes in
combination with the color reconnections (1) gives similar
suppression, as RH leads to enhanced production of strange
hadrons and baryons. The effect of RH is not expected to
be visible for K*0 /K, as the quark content is same for both
the particles. We further investigated the yield ratio of n, /T
as a function of mean charged particle multiplicity for p—p
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Table 1 A list of different

. Different configurations
configurations (processes) used

Definitions of different settings

in Pythia 8 for the analysis. MPI,
multi-partonic interactions; CR,
color reconnection; RH, rope
hadronization

MPI on CR off

MPI on CR (0) on

MPI on CR (1) on

MPI on CR (1) on RH on
MPI on CR off RH on

With MPI and without CR and RH

With MPI and with MPI based CR and without RH
With MPI and with QCD based CR and without RH
With MPI and with QCD based CR and with RH
With MPI and with RH and without CR

0.5F M ALICEpp¥s=7Tev ]

—MPIonCR(1)onRHon,E=7TeV - -
MP! on CR (1) on RH off, ¥s = 7 TeV

=+ = MPIon CR (0) on RH off, ¥s = 7 TeV

...... MPI on CR off RH off, fs = 7 TeV

= 1 = MPl on CRoff RH on, ¥s = 7 TeV

ALICE pp ¥s = 13 TeV

MPI on CR (1) on RH off, fs = 13 TeV
MPI on CR (1) on RH on, fs =13 TeV
[ MPI on CR off RH on, s = 13 TeV 1 ]

MPI on CR off RH off, ¥s = 13 TeV
MPI on CR(0) on RH off, s = 13 TeV

R Y el T ] e oo T
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Fig. 1 pr-integrated ratio of K*0/K as a function of < Ng, > for
p-p collisions. (Left panel) The ratios are compared for two different
modes of color reconnections [CR-off, CR(0) and CR(1)] with (and
without) RH in p—p collisions at /s = 7 TeV. (Middle panel) The ratios
are compared for p—p collisions at /s = 7 TeV and 13 TeV for CR-off,

collisions at 4/s = 7 TeV and 13 TeV in Fig. 2. Both of the
considered particles in the ratio are spin-0 particles, with n
being heavier than 7. A similar trend as K*0/K suppression
is observed which can be attributed to the production of pions
being favored more than 77, due to formation and fragmenta-
tion of shorter strings. This observation can be attributed to
the mechanism of color reconnection. The variation in p° /7
with multiplicity is shown in Fig. 3. Surprisingly, greater sup-
pression in the yield ratio is observed with the onset of RH in
combination with CR(1) for high-multiplicity events. Since
po is not a strange hadron, it seems that enabling RH further
reduces its production in favor of other strange hadrons or
baryons in high-multiplicity events. However, a similar sup-
pression was not seen for K*Y/K on enabling RH, as both
the particles are strange hadrons. The yield ratios of ¢ /K and
¢/ were also considered as a function of event multiplicity
as illustrated in Figs. 4 and 5, respectively. The figure also
compares the dependence of the ratios as a function of N¢y,
as measured by the ALICE experiment for p—p collisions at
/s =7TeV and 13 TeV [22,23]. ¢ is a spin-1 resonance par-

15 20 25
(N,

CR(0) and CR(1) with RH. (Right panel) Comparison of ratios for p—p
collisions at »/s = 7 TeV and 13 TeV for two other modes, namely
CR-off and CR(0) without RH. The solid squares show the multiplicity
dependence of K*? /K for p—p collisions at /s = 7 TeV and 13 TeV as
obtained by the ALICE experiment [22,23]

15 20 25 5 10

ticle with a relatively longer lifetime. Although ¢ consists
of s5 quarks, the yield ratios are enhanced due to the pro-
duction of more strange (and anti-strange) quark pairs due
to the formation of color ropes. The enhancement is more
pronounced for color reconnections (1) in combination with
RH, and the enhancement in the yield ratios is independent of
event activity and energies. It can be observed that the ratios
are in good agreement with the measured data with the onset
of both color reconnections (1) and RH. It is interesting to
note that the ratio for color reconnections (1) is consistently
smaller than color reconnections (0) and CR-off. This can be
attributed to the production of lower mass particles because
color reconnections (1) favors the formation of shorter mass
strings.

Figure 6 shows the comparison of K**/K, ¢/K, and ¢ /7
ratio obtained from Pythia 8 [with color reconnections(1) and
RH on] with the recent ALICE measurements in p—p colli-
sions at /s = 7 TeV. The open circles show the yield ratios
obtained from Pythia 8, while the open squares represent the
measured data. The values obtained from Pythia 8 are in good
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Fig. 2 pr-integrated ratio of n /7 as a function of < N, > for p—p
collisions. (Left panel) The ratios are compared for two different modes

of color reconnections [CR-off, CR(0) and CR(1)] with

RH in p—p collisions at /s = 7 TeV. (Middle panel) The ratios are
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ollisions at /s = 7 TeV and 13 TeV for CR-off,

CR(0) and CR(1) with RH. (Right panel) Comparison of ratios for p—p

7 TeV and 13 TeV for two other modes, namely

CR-off and CR(0) without RH
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Fig. 3 pr-integrated ratio of p°/7 as a function of < N, > for p—p
collisions. (Left panel) The ratios are compared for two different modes
of CR [CR-off, CR(0) and CR(1)] with (and without) RH in p—p colli-
s =7 TeV. (Middle panel) The ratios are compared for p—p

sions at

agreement with the measured data within the uncertainties,

collisions at \/s = 7

RH

4 Baryonic reso

which indicates that microscopic processes like RH and color

reconnection play an important role in describing the particle

production mechanism at high energies.
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The particle ratio

(N)

TeV and 13 TeV for CR-off, CR(0) and CR(1) with

RH. (Right panel) Comparison of ratios for p—p collisions at /s = 7
TeV and 13 TeV for two other modes, namely CR-off and CR(0) without

nances

s involving the baryonic resonances are also

investigated by studying the AT/p, % /A, £% /%0, and
£%%/ 20, Figures 7 and 8 show the variation in the yield
ratios of £%*/ %0 and % /A with respect to < Ngp, >. It is
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Fig. 4 pr-integrated ratio of ¢ /K as a function of < N¢ > in p—p
collisions. (Left panel) The ratios are compared for two different modes
of CR [CR-off, CR(0) and CR(1)] with (and without) RH in p—p colli-
sions at /s = 7 TeV. (Middle panel) The ratios are compared for p—p
collisions at /s = 7 TeV and 13 TeV for CR-off, CR(0) and CR(1) with

15 20 25
(N

RH.(Right panel) Comparison of ratios for p—p collisions at /s = 7
TeV and 13 TeV for two other modes, namely CR-off and CR(0) with-
out RH. The solid squares show the multiplicity dependence of ¢ /K
for p—p collisions at /s =7 TeV and 13 TeV as obtained by the ALICE
experiment [22,23]
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Fig. 5 pr-integrated ratio of ¢/ as a function of < N¢, > in p—p
collisions. (Left panel) The ratios are compared for two different modes
of CR [CR-off, CR(0) and CR(1)] with (and without) RH in p—p colli-
sions at /s = 7 TeV. (Middle panel) The ratios are compared for p—p
collisions at /s = 7 TeV and 13 TeV for CR-off, CR(0) and CR(1) with

interesting to observe the evolution of £% /%% and % /A
with event activity, as the particles in the denominator have
identical quark content but differ in spin. X° belongs to the
isospin triplet, while A? is a singlet. We observe an enhance-
ment in the ratios of £%*/ 2% and % /A with color recon-

RH. (Right panel) Comparison of ratios for p—p collisions at /s = 7
TeV and 13 TeV for two other modes, namely CR-off and CR(0) with-
out RH. The solid squares show the multiplicity dependence of ¢ /K
and ¢ /7 for p—p collisions at /s = 7 TeV and 13 TeV as obtained by
the ALICE experiment [22,23]

nections(1), but the enhancement is more pronounced in the
case of RH for the former, while no visible effect is seen for
the latter. This shows that production of baryons belonging
to a higher-spin multiplet is favored when RH is switched
on. This leads to more production of X% compared to X°.
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Fig. 6 The pr-integrated ratio as a function of charged particle mul-
tiplicity in proton—proton collisions at 7 TeV [5]

However, the effect is not seen for ©*0 /A. The observation
can be attributed to the difference in their spin and isospin
quantum number. The effect has no significant dependence
on energies, as can be clearly seen in the middle and right
panels of Fig. 7a, b. Figure 9 shows the A™/p ratio as a
function of event activity. AT is an interesting baryon, as it
has an extremely short lifetime, it is a non-strange baryon

with higher spin (3/2), and it has same quark content as the
proton. They differ in mass and spin. The ratio is observed to
increase with event activity when color reconnections(1) is
enabled and RH has no observable effect on the ratios. This
observed enhancement is in agreement with the effects of
color reconnections (1), as color reconnections (1) produces
more baryons of higher spin. The enabling of RH has no
effect on enhancement, as both the particles are non-strange
particles. Furthermore, the 2%/ 20 ratio as shown in Fig.
10 was also investigated, as E is a doubly strange baryon.
The dashed line shows the %/ E° ratio as measured by the
ALICE experiment for integrated multiplicity [23]. Both par-
ticles have same quark content, but differ in mass and spin.
The effect of color reconnections(1) leads to an enhance-
ment because of favorable production of higher-spin baryons.
Additionally, the color rope formation increases the produc-
tion of strange quarks and favors the strange baryon pro-
duction with higher spin, which is responsible for further
enhancement in the ratio with RH. Collisional energy inde-
pendence is also observed for both the ratios as illustrated in
the middle and right panels of Figs. 9 and 10.

For all the resonances, both mesonic and baryonic, the
effect of RH was also studied without the mechanism of
color reconnections, and it was observed that it has no
effect on the ratios, which confirms that color reconnection
plays the most important role in the observed suppression
(or enhancement) of the resonance-to-non-resonance ratios.
These results serve as a baseline for future measurements

W
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L=t
e

5 10 15 20 25 5 10

Fig. 7 pr-integrated ratio of %% /% as a function of < Ney > in
p—p collisions. (Left panel) The ratios are compared for two different
modes of CR [CR-off, CR(0) and CR(1)] with (and without) RH in
p-p collisions at /s = 7 TeV. (Middle panel) The ratios are compared
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(N,

for p—p collisions at /s = 7 TeV and 13 TeV for CR-off, CR(0) and
CR(1) with RH. (Right panel) Comparison of ratios for p—p collisions
at /s = 7 TeV and 13 TeV for two other modes, namely CR-off and
CR(0) without RH
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Fig. 8 pr-integrated ratio of £%*/A as a function of < Ny > in p—p
collisions. (Left panel) The ratios are compared for two different modes
of color reconnections [CR-off, CR(0) and CR(1)] with (and without)
RH in p—p collisions at /s = 7 TeV. (Middle panel) The ratios are
compared for p—p collisions at /s = 7 TeV and 13 TeV for CR-off,
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CR(0) and CR(1) with RH. (Right panel) Comparison of ratios for p—p
collisions at /s = 7 TeV and 13 TeV for two other modes, namely
CR-off and CR(0) without RH. The dashed line in the left panel shows
the value of £¥*/A for minimum bias p—p collisions at /s = 7 TeV
as obtained by ALICE experiment [23]
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Fig. 9 pr-integrated ratio of A*/p as a function of < N, > in p—p
collisions. (Left panel) The ratios are compared for two different modes
of color reconnections [CR-off, CR(0) and CR(1)] with (and without)
RH in p—p collisions at /s = 7 TeV. (Middle panel) The ratios are

and provide an alternative description for suppression (or
enhancement) of resonance-to-non-resonance ratios based
on microscopic processes active in the partonic domain, and
it additionally indicates that the presence of a thermalized
medium is not imperative for the suppression of resonance-

(N,

compared for p—p collisions at /s = 7 TeV and 13 TeV for CR-off,
CR(0) and CR(1) with RH. (Right panel) Comparison of ratios for p—p
collisions at /s = 7 TeV and 13 TeV for two other modes, namely
CR-off and CR(0) without

to-non-resonance particle ratios. It will also be interesting
to study the resonance production mechanism using differ-
ent QCD models, namely Herwig7.2 [24,25] and Sherpa2.2
[26]. These models include different underlying physics pro-
cesses, parton shower, and hadronization mechanism, and
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Fig. 10 pr-integrated ratio of 2%/ 80 as a function of < N > in

p-p collisions. (Left panel) The ratios are compared for two different
modes of color reconnections [CR-off, CR(0) and CR(1)] with (and
without) RH in p—p collisions at /s = 7 TeV. (Middle panel) The
ratios are compared for p—p collisions at /s = 7 TeV and 13 TeV for

thus the study using these models is imperative for a clear
understanding of resonance production.

5 Summary

The production of resonance particles in p—p collisions was
studied at /s =7 TeV and 13 TeV using a Pythia 8 event gen-
erator. The ratio of the yield of resonance to non-resonance
particles with similar quark content was obtained within
the framework of microscopic processes including color
reconnections and RH. The ratios for various species of
mesonic and baryonic resonances were studied as a func-
tion of the mean number of charged particles to study the
effect of the considered microscopic processes. Suppression
was observed for mesonic resonance ratios K*/K, 17/ /7,
and p /7 for high event activity when the QCD-based color
reconnection was enabled. This observation can be attributed
to the formation of shorter strings which fragment into lower-
mass particles. The yield ratios for ¢ /K and ¢ /7 increased
for QCD-based color reconnections and RH compared to
other modes. The production of ¢ increased with the pro-
duction of more strange (and anti-strange) quarks with color
ropes. This observation is in agreement with the multiplic-
ity dependence of ¢ /K and ¢/ as measured by the ALICE
experiment, and the data favor the enhancement scenario due
to color reconnections(1) and RH for the ¢ /K and ¢ /7 ratios.
The model predicts an enhancement in the yield ratios for

@ Springer

15 20 25 5 10 15 20 25
(N)

CR-off, CR(0) and CR(1) with RH. (Right panel) Comparison of ratios
for p—p collisions at /s = 7 TeV and 13 TeV for two other modes,
namely CR-off and CR(0) without RH. The dashed line in the left panel
shows the value of 2% / 9 for minimum bias p—p collisions at /s = 7
TeV as obtained by the ALICE experiment [23]

baryonic resonances. The ratios were found to be indepen-
dent of the collision energy of the system. These predictions
can serve as a baseline study for future measurements. The
color reconnection and rope formation can explain part of the
resonance suppression and enhancement. However, a more
quantitative comparison is needed to confirm that the color
reconnection and rope formation can be considered an alter-
native explanation of the observed resonance suppression
and regeneration based on processes present in the partonic
phase.
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