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Abstract Two-particle Azimuthal correlations are mea-
sured with the ALICE apparatus in pp collisions at 4/s = 13
TeV to explore strangeness- and multiplicity-related effects
in the fragmentation of jets and the transition regime between
bulk and hard production, probed with the condition that a
strange meson (KSO) or baryon (A) with transverse momen-
tum pr > 3 GeV/c is produced. Azimuthal correlations
between kaons or A hyperons with other hadrons are pre-
sented at midrapidity for a broad range of the trigger (3 <
ptTrlgg < 20 GeV/c) and associated particle pt (1 GeV/c

tri .. .
< PP < pr £8), for minimum-bias events and as a func-

tion of the event multiplicity. The near- and away-side peak
yields are compared for the case of either Ks” or A(A) being
the trigger particle with that of inclusive hadrons (a sam-
ple dominated by pions). In addition, the measurements are
compared with predictions from PYTHIA 8 and EPOS LHC
event generators.

1 Introduction

Particle production as a function of the event charged-particle
multiplicity in proton—proton (pp) collisions at the LHC has
revealed interesting patterns. Clearly, in the soft (bulk) parti-
cle production domain with low transverse momentum (pt <
4 GeV/c), several experimental measurements indicate fea-
tures in high-multiplicity pp collisions similar to those
observed in nucleus—nucleus collisions. These include long-
range correlations in pseudorapidity [1,2], large azimuthal
anisotropies [3,4] and strangeness production [5,6].

These measurements are theoretically interpreted in terms
of a combination of initial-state collective dynamics (colour-
glass condensate) [7] or as a hydrodynamic-like (final-state)
collective flow [8]. Quantifying the relative contributions of
initial- and final-state phenomena is a challenge, both exper-
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imentally and theoretically (see reviews [9, 10]). These phe-
nomena are also modelled in Monte Carlo (MC) event gener-
ators, like PYTHIAS [11] or EPOS LHC [12]. For example,
a basic experimental finding in pp collisions, the increase of
the average transverse momentum with the event multiplicity
is realized in these two models very differently. In PYTHIA
8, in events with several partonic scatterings, termed Multi-
ple Parton Interactions (MPI), the respective color strings cut
(reconnect) each other, leading to a redistribution of energy
from particle production to transverse momentum. In the
EPOS LHC model, a parametrised hydrodynamic evolution
of a small volume with high density of thermalised matter
(core) is used. In both models the respective parameters were
tuned using the Run 1 data at the LHC, without explicit inclu-
sion of particle correlations [12,13].

In PYTHIAS, correlations among the final state hadrons
are realized through transversely extended strings, exerting
on each other transverse shoves [14] that mimic collective
dynamics, akin to that of a (long-lived) quark—gluon medium.
The shoving model of hadronisation was recently used to
discern within a PYTHIAS study [15] possible effects of
jet quenching in pp collisions. This prominent characteristic
of nucleus—nucleus collisions, remains undetected in high-
multiplicity pp or p—Pb collisions [16], perhaps not surpris-
ingly, given the much smaller spatial extension of the dense
system, compared to the nucleus—nucleus case. Experimen-
tally, it was recently shown that in pp collisions the near-side
long-range (in pseudorapidity) ridge yield (of bulk particles)
in high-multiplicity events remains present for events which
are additionally biased, through either a Z boson [17], alead-
ing high-pr particle or a jet [18]. These findings are inter-
esting per se and also motivate the quest to find or exclude
jet quenching in high-multiplicity events in small collision
systems, with differences in the observed effects on gluon,
light and heavy quark jets.

At LEP, differences between quark- and gluon-initiated
jets in eT—e™ annihilations have been revealed in several
measurements. Gluon jets are characterised by a larger
charged-particle multiplicity than quark jets [19,20]. More-
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over, in the relative production of Ks” mesons and A hyper-
ons to charged particles, it was found that the relative produc-
tion of A is &~30% higher in gluon than in quark jets, while
the relative Ks” production was found to be approximately
the same [21].

In the present article, such studies of particle production
and correlations are continued, exploring the effect of a stran-
geness bias, both in form of a meson (KSO) or a baryon (A)
with pr > 3 GeV/c. The correlations between kaons or A(A)
hyperons with other hadrons are studied at midrapidity in pp
collisions at J/s = 13 TeV for a broad range of the trigger
(3 < ptTrlgg < 20 GeV/c) and associated particle pt (1 GeV/c

i . . ,
< pisee < p'¥8) for minimum bias events and as a function

of the event multiplicity measured at forward rapidities. Such
correlations encode effects of fragmentation, hadronisation
and parton showering as well as possible collectivity and jet
quenching. The complex overlap of these aspects is probed
through the experimental handles of particle species and pr,
inducing different kinematic and flavour biases. The near-
and away-side peak yields are compared for the case of either
Ks® or (anti-)A as a trigger particle with that of inclusive
hadrons (a sample dominated by pions). The measurements
are, in addition, compared with the PYTHIA 8 and EPOS
LHC event generators.

The article is organised as follows: Sect. 2 outlines the
experimental setup and the data sample; Sect. 3 describes
the analysis, while Sect. 4 presents the results; a summary
and an outlook are given in Sect. 5.

2 Experiment and data sample

The inclusive charged hadron, Ks® meson and (anti-)A
hyperon identification at midrapidity is performed using the
tracking detectors of the ALICE central barrel located in a
solenoidal magnet, which provides a magnetic field of 0.5 T
oriented along the beam direction. A detailed description of
the ALICE experiment and its performance can be found in
[22,23].

2.1 Event selection

For the data taking, a minimum bias (MB) trigger is
employed, provided by the VO detector, which consists of
two forward scintillator arrays covering the pseudorapidity
ranges —3.7 < n < —1.7and 2.8 < n < 5.1. The MB
trigger signal consists of a coincident signal in both arrays.
All events selected in this analysis are required to have a
reconstructed primary collision vertex (PV) within the lon-
gitudinal interval |zy| < 10 cm from the nominal interac-
tion point in order to ensure uniform detector performance.
Beam-gas events are rejected using timing cuts with the VO

@ Springer

Table 1 Selection criteria for VO candidates based on the topological
variables

Selection criterion K2 A(N)
Absolute value of rapidity < 0.5 < 0.5
Decay radius (cm) > 0.5 > 0.5
DCA,, of daughter track to PV (cm) > 0.06 > 0.06
DCA,, between daughter tracks (n4) <1 <1
cos(6pa) > 0.97 > 0.995
Proper lifetime (cm) < 20 < 30
Competing rejection (GeV/c?) > 0.005 > 0.01

: 2 0
Invariant mass (GeV/c?) My + 30 My (x) + 30

detector. Moreover pile-up events are rejected based on the
Silicon Pixel Detector (SPD) information. The total number
of analysed pp collisions at /s = 13 TeV, measured during
the LHC Run 2 data-taking period in years 2016-2018 by
ALICE is 1.58 x 10° corresponding to integrated luminosity
of about 27 nb™!.

2.2 Multiplicity selection

The correlation functions are calculated for six event classes
(0-1%, 1-3%, 3—7%, T-15%, 15-50%, 50-100%), selected
on the event activity via the multiplicity in the forward and
backward direction, measured with the VO detector within the
acceptance described above. The events are selected based
on percentiles of the summed signal in the two VO detectors
(VOM), for instance the 0—1% and 50-100% classes are the
events with the highest and lowest range of the VOM signal.
The trigger efficiency is not accounted for in the above mul-
tiplicity ranges. The intervals corrected for the trigger effi-
ciency are: respectively; 0-0.92%, 0.92-2.74%,2.74-6.40%,
6.40-13.44%, 13.44-46.12%, 46.12—-100% [24].

For the MC event generators, the multiplicity classes are
selected with the trigger-corrected percentile calculation,
applied to the distribution of charged primary particles pro-
duced in the 5 acceptance of the VO detectors.

2.3 Primary hadron and V? selection

Primary charged tracks (denoted as h) are reconstructed in
the pseudorapidity range |n| < 0.8 using the Inner Track-
ing System (ITS), which consists of six layers of silicon
detectors around the beam pipe, and the Time Projection
Chamber (TPC), consisting of a large cylindrical drift vol-
ume filled with nearly 90m?3 either of Ar/CO; (88/12,in 2016
and 2018) or Ne/CO,/N3 (90/10/5 in 2017) and read out
by multi-wire proportional chambers. Combining the infor-
mation from these two detectors, the primary charged-track
sample is created by applying selection criteria in order to
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suppress the contamination from secondary particles follow-
ing previous studies [25]. The number of crossed pad rows
in the TPC is required to be at least 70 (out of a maximum
of 159) and the minimal ratio to the number of findable clus-
ters (geometrically possible assignable clusters to a track) is
0.8. Only tracks with a fraction of shared clusters with other
tracks smaller than 0.4 are accepted. The distance of closest
approach (DCA) to the PV is required to be within an elip-
soid with semi-axes of 2.4 cm and 3.2 cm in the x y-plane and
z-direction, respectively. Every track is required to have a fit
quality for both TPC and ITS, characterised by goodness-of-
fit values x > per cluster smaller than 4 and 36 for the TPC and
ITS, respectively. Only tracks with a hit in the two most inner
layers of ITS are selected. The kink topologies produced by
decays are rejected. The selected sample of primary charged
particles is dominated by hadrons. The electrons constitute
less than 1%.

The K mesons and A(A) baryons (VY particles) are
reconstructed in the rapidity range |y| < 0.5 via their most
probable decay channels [26] and exploiting their character-
istic (V%) decay topology:

Ks® > 7t + 77(69.2%),
A — p+ 7 (63.9%),
A — p+nT(63.9%).

The identification and reconstruction follows previous
measurements presented in [27,28]. The identification of the
daughter tracks is performed via specific energy loss dE/dx
in the TPC, which is required to be within £3¢ from the
expected mean value for pions or protons (for more details
see [23]). The track quality criteria are the same as for the
primary global tracks described above. The pairs of identi-
fied daughter tracks are combined to VO candidates, which
are accepted if their invariant mass is within 3¢ (1o for Kg°
is in the range 0.0039-0.0075 GeV/c? and for A in 0.0021—
0.0033 GeV/c? depending on pr) from the nominal value.
The combinatorial contribution is suppressed by applying
selection criteria based on the topological variables sum-
marised in Table 1. Here, the VO decay radius is the dis-
tance between the point where the VO decays (secondary
vertex) and the PV. The DCA,, to PV is the distance of clos-
est approach between the daughter track and the PV. The
Opa refers to the pointing angle, which is the angle between
the momentum vector of the V¥ candidate and the line con-
necting the primary and secondary vertex. The reconstructed
proper lifetime of an individual particle is defined as mL/ p,
where m is the particle mass, L is the distance between pri-
mary and secondary vertex and p is the particle momentum.
The mean life ct is listed in [26] and its value is 2.68 cm
and 7.89 cm for Ks® and A (A), respectively. It can happen
that a certain pair reconstructed as K(S) candidate can have
an invariant mass of A(A) under the pzr assumption for the

daughter tracks. Such pairs are not accepted neither as Kg°
nor as A (A) candidates. Table 1 quotes under the competing
rejection entry the mass on which this criterion is applied for
both Ks” and A. Besides the topological selections, a bunch-
off pile-up (by the high frequency collisions, some tracks
from previous bunch-crossing remain in TPC when current
collision happen) removal criterion is required where at least
one of the VO daughter tracks is reconstructed both in ITS
and TPC or has a signal in the Time-Of-Flight detector.

3 Analysis
3.1 The correlation function

In the dihadron correlation approach, the first hadron is
the trigger particle, here either a primary charged particle
(hadron) or an identified Ks? meson or A(A) hyperon with
pr in range 3-20 GeV/c. Since the A—h and A-h correla-
tion functions are compatible, as expected for this collision
energy, the results are combined and reported in the following
as (A 4+ A)-h. The second particle is the associated particle,
in this case, always a primary charged particle with a kine-
matic requirement 1 GeV/c < p§°° < p;flgg . By calculating
the differences in the azimuthal angle and pseudorapidity
for each of such pairs, three types of correlation functions
are constructed: h-h, Ks®-h and (A + A)-h. For h-h cor-
relations, pairs with invariant mass (IM) within £5 MeV/c?
of the mass of Ks” or A(A) or from y conversions are not
accepted. The contribution from decays of the K*(892) and
¢ mesons, A resonances and D mesons was checked and
found negligible. In the case of (A 4+ A)-h correlations, this
restriction is applied to pairs with IM of a cascade (X, E, Q2).
An example of a raw Ks—h correlation function is shown in
Fig. 1 (left panel). At (Ag, An) = (0, 0), one can observe
the near-side peak, which originates mostly from particle
pairs fragmented within the same jet. Bose-Einstein correla-
tions, strong decays of high-mass resonances and final state
interactions may have also a small contribution for the h-
h case. Due to momentum conservation, jets are produced
back-to-back in the transverse plane. Thus, a second peak
around 7 in Ag is expected, which is smeared in the An
direction, because the particles can obtain an additional lon-
gitudinal boost related to the varied center-of-mass frame of
the partonic collision. In the selection of the trigger parti-
cle, the near-side jet is fully reconstructed in the longitudi-
nal direction, but the away-side jet is not necessarily (fully)
within the detector acceptance. The procedure of getting fully
corrected 2-dimensional 2per-tlriggelr yield is schematically

pair

written in Eq. 1. Here, w—dm(m, An) is the uncorrected
correlation function, eyigg,€assoc and &pqir are correction fac-
tors further described in Sect. 3.2 and Nyjgg is the number
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ALICE
pp, Vs=13 TeV
Kg-h correlations

Fig. 1 An example of the raw same-event (left), mixed-event (mid-
dle) and final (mixed-event scaled, right) two-dimensional correlation
function for Ks®-hadrons. The correlation functions were scaled with

of the trigger particles. Afterwards, the 2-dimensional per-
trigger yield is projected on the Ag axis and integrated (see
Eq. 2) in the intervals |A¢| < 0.9 and |[A¢p — | < 1.4
to obtain the near-side and away-side yield, respectively,
denoted as Y, in Eq. 2.

PNy 11 1 d*NEY 1
—L(Ap, An) = — P (Ag, An)
dApdAn Nuigg Etrigg €assoc dA@dAR Epair
(D
Apy N
Vo= [ fa-ddy @)
Ay dAgO

3.2 Corrections

The corrections are described in the same order as they were
applied to the data.

All MC-based corrections are calculated using events
from PYTHIAS8.210 (Monash 2013 tune) [13,29], with par-
ticle propagation through the detector by means of GEANT3
[30]. The detection inefficiencies are corrected with the sin-
gle particle efficiency factor, calculated in MC and applied
as weight (1/euigg X 1/€assoc) for each pair. This factor was
calculated separately for trigger and associated particles as
a function of pr, 1, ¢ and PV position. In the case of pri-
mary charged particles, a pr-dependent contamination factor
is also part of the weight to account for the amount of sec-
ondary particles in the sample. This is defined as a ratio of
only primary tracks to all reconstructed ones.

Imperfect detector acceptance within || < 0.8 range is
corrected with the mixed-event method, where trigger par-
ticles from one event are correlated with associated parti-
cles from different events. Thus, no physical correlations are

@ Springer
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1/1000 for better visibility. The plateau in the left and middle plot is
caused by non-equal selection in 7 of the trigger and associated particle

present. The mixed-event correlation function has a typical
triangular shape determined by the 1 acceptance. An example
of this function is shown in the middle plot of Fig. 1 where a
plateau is visible. This is caused by different ranges in n for
trigger (Ks”) and associated particles (h). The mixed-event
correlation is already scaled to unity with a scaling factor
equal to the average of bins with An = 0. In the following,
the actual correlation function is divided by the mixed-event
one to eliminate the detector acceptance effects as illustrated
in Fig. 1. This correction is schematically written as 1/&py;r in
Eq. 1. In some cases, due to the finite binning in multiplicity
and PV position in z-direction, the mixed-event correlation
does not match the shape of the background perfectly. For
this reason, a so called “wing* correction is performed. Here
the correlation function is scaled once more with a 2D dis-
tribution constant in A¢ and dependent on An in order to
get a flat distribution in An at the away-side. This correction
is never larger than 2% and only affects the h-h correlation
function. A similar effect was observed also in a previous
analysis [31].

For the reconstruction of Ks? mesons and A(A) baryons,
some of the candidates selected with the topological crite-
ria are in fact combinatorial background. Since the shape of
the correlation function does not need to be the same for the
signal and background, a second correlation function is cal-
culated, where candidates from two intervals from outside the
invariant mass peak (myo — 90 to myo — 60 and myo + 60 to
myo +90) are taken as trigger particles. These give the same
width as the signal region in the invariant mass spectrum. The
second “‘side-band* correlation function is subtracted from
the signal one. The number of trigger particles is in addition
corrected for purity, defined as a ratio of number of signal
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Table 2 Summary of the main sources and values of the relative sys-
tematic uncertainties (expressed in %) for the per-trigger yields in the
MB sample. The abbreviation “negl.* stands for negligible (smaller than

0.1%) and “rej.* means that this variation was rejected due to the Barlow
criterion

h-h K9-h A(N)-h

Near Away Near Away Near Away
A¢ window 0.3 0.4 0.5 0.7 0.7 0.5
PV along the z-axis (zyix) Negl. Negl. 1.2 1.7 0.6 0.7
Binning in zyix Negl. 0.4 0.8 1.6 0.5 1.2
Yield calculation 1.0 Negl. 1.1 0.7 0.3 0.4
Pedestal subtraction 0.8 1.9 0.4 1.6 1.0 2.0
An range 0.5 - 1.2 - 1.0 -
Mixing scale Negl. Negl. 0.7 0.9 0.3 0.5
Topological variables - - 1.5 35 3.0 3.1
Invariant mass range - - Re;j. Re;j. 1.2 1.8
Primary track selection 0.3 0.7 1.1 1.8 22 0.4
Wing correction 1.2 1.8 - - 0.7 0.8
E topological variables - - - - 0.4 1.6
MC closure Negl. Negl. Negl. Negl. 2.5 Negl.
Total 1.9 2.7 3.1 5.1 5.1 4.8

VO candidates over all candidates within the invariant mass
acceptance region.

In the case of A(A) being the trigger particle, the feed-
down contribution from decays of E baryons (reconstructed
following [6]) baryons is subtracted in a similar way as for the
combinatorial background. For this case, the (E~ + §+)-h
correlation function in every pt and multiplicity bin is cal-
culated, scaled with the detection efficiency of A(A) from &
decays and subtracted from the (A 4 A)-h correlation func-
tion. Similarly, the feed-down fraction is subtracted from the
number of trigger particles. It is assumed that the produc-
tion rates of charged and neutral E baryons are equal and the
feed-down fraction from €2 is negligible. This correction has
an effect of 5% on the final near-side yields for low pT and
smaller than 1% for high pr.

After projecting the per-trigger yield on the Ag axis, the
underlying event background is subtracted with the ZYAM
(Zero Yield At Minimum) method [32]. The background is
assumed to be flat and estimated as the average value of six
bins outside the jet peaks to reduce the statistical fluctuations.

3.3 Systematic uncertainties

The sources of systematic uncertainties of the per-trigger
yields in the minimum bias sample are listed in Table 2.
These are estimated by varying track-selection criteria and
other parameters in the analysis. The significance of each
source of systematic uncertainty was checked according to
the Barlow criterion [33]. Within this procedure a thresh-
old value (1 o) is set, based on which each variation can

be checked, whether it is within statistical fluctuations or a
real systematic difference. If a certain variation did not pass
the test, this contribution was not accounted for in the total
systematic uncertainty, which was calculated as a quadrature
sum of the individual contributions. For the ratios of yields,
the systematic uncertainties are calculated separately which
causes cancellation of correlated uncertainties.

For the uncertainty related to the A¢ integration window,
the window is varied around the nominal values (|A¢| < 0.9
and |A¢ — | < 1.4) within £0.1. For the yields for the h-h
correlations, on both near- and away-side, the contribution
to the total uncertainty is around 0.4% for all multiplicity
classes. For the yields for Ks%-h and (A + A)-h correlations,
the value varies within 0.4—2% for both near- and away-side.

The PV selection along the z-axis (zyx) is decreased from
410 cm to +7 cm from the interaction point in order to esti-
mate the uncertainty connected to the detector acceptance
effects. The uncertainty is smaller than 0.3% in all multi-
plicity classes for the yields from h-h correlation function.
It is in the range 0.7-2.3% and 0.7-2.7% for the near-side
yield in case of Ks®-h and (A + A)-h yields, respectively.
For the away-side, this source contributes with 1.7-4.5% and
0.7-4.9% in case of Ks°-h and (A +A)-h yields, respectively.

The number of bins in zy used for the event-mixing
classes is changed from 9 to 7 to account for the uncertainty
connected with the detector acceptance. For the yields trig-
gered with an unidentified hadron, the contribution from this
source is smaller than 0.5% at both sides for all multiplicity
classes. This uncertainty is in the range 0.5-2.7% and 0.4—
1.5% for the near-side yield triggered with Ks and (A 4 A),

@ Springer
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respectively and within 1.2-5.2% and 0.8-2.8% for the away-
side.

The contribution to the systematic uncertainty resulting
from the yield calculation method is estimated by fitting each
jet peak with a double-gaussian function and integrating the
fit function to calculate the per-trigger yield instead of calcu-
lating the yield directly by the bin counting method as default.
This leads to an uncertainty around 1% for the near-side and
to a value smaller than 0.2% for the away-side for the h-h
yields in all multiplicity classes. For most multiplicity classes
this source was rejected by the Barlow criterion for the Kg°
trigger. The non-rejected contribution is 1.1% and 0.7% for
the near- and away-side, respectively. The accounted contri-
bution to the uncertainty of yields triggered with (A + A)
is in the range 0.3-0.8% and 0.2-3.4% for the near-side and
away-side yields, respectively.

For the variation of the underlying event subtraction
method, which takes the average value of 6 bins from the
left and right side of the near-side peak, a constant fit in
ranges [—m /2, —1] and [1, /2] is used, leading to an esti-
mated uncertainty around 0.6% (1.5%), 2% (2.2%) and 1.8%
(4.5%) for the near- (away- ) side yield from the unidentified
hadron-, Ks°-, and (A + ‘A)-triggered correlation functions,
respectively.

The Anrangeis varied within 0.1 around its nominal value
|An| < 1 in order to estimate the uncertainty related to the
near-side jet acceptance. This is estimated to be within 0.3—
0.9%, 0.6-1.9%, 0.4-2.4% for h-h, Ks’~h and (A + A)-h
yields in all multiplicity classes, respectively.

The scale factor for the mixed-event correlation function
is varied, which gives a negligible contribution to the total
systematic uncertainty for h-h yields for both sides. This
contribution for Ks®-h ((A + A)-h) yields is estimated as
0.7-1.5% (0.2-0.4%) and 0.9-2% (0.2-0.5%) for the near
and away-side yields, respectively, in different multiplicity
classes.

In order to estimate the systematic uncertainty connected
to the VO reconstruction, the values for the topological selec-
tion are varied around the nominal values. Its value is, for dif-
ferent multiplicity classes, in the range 1.5-5.8% (1.9-5.6%)
and 2.2-7.5% (2-5.5%) for the Ks® (A +A) triggered yields
at the near- and away-side, respectively.

The ranges for the signal and for background in the invari-
ant mass distributions are varied in order to estimate the
uncertainty related to the subtraction of the contribution from
misidentified Ks® or (A + A). This source is rejected by
the Barlow criterion for the Ks’~h yields and has a value in
the range 0.5-3.9% and 1.1-4.3% for the (A4 A)-h triggered
yields, for the near- and away-side, respectively.

The systematic uncertainty associated with the primary
track selections is estimated by selecting tracks with slightly
varied criteria. These are the same as the ones used for global
tracks, but there is a tighter and pr-dependent DCA require-

@ Springer

ment in the xy-plane, which means that tracks with a DCA in
the xy-plane larger than 0.0105 + 0.0350/ p%‘l are rejected.
This uncertainty is smaller than 0.7% for both the near-
and away-side yield for h—h for all multiplicity classes. The
uncertainty intervals for Ks? (A +A)) triggered yields are
estimated as 0.9-2.4% (0.4-3.5%) and 1.3-3.9% (0.2-3.1%)
for the near- and away-side yields, respectively.

The range used for the estimation of the wing correction
scaling factor is varied in order to calculate the uncertainty
related to this method. This contribution is not dependent on
the event multiplicity.

The B~ (§+) reconstruction uncertainty contributes to the
uncertainty of yields triggered by (A 4+ A). This contribution
is estimated by varying the topological selection of 2~ (ET)
hyperons around their nominal values. This uncertainty is in
the range 0.2-4% (0.2-3.9%) for the near(away)-side yields
for events in all multiplicity classes.

The correction procedure is checked with a Monte Carlo
closure test. Two correlation functions are calculated, the first
one with generated MC particles and the second one with MC
particles reconstructed after GEANT3 propagation using the
full reconstruction and correction chain as for the experi-
mental data. The ratio of these two correlation functions is
expected to be unity. This is the case for the h—h and Ks—h
correlation functions, but there is a residual departure from
unity for (A 4+ A)-h correlation function at the near-side of
up to 2.5%, which is accounted as a systematic uncertainty.

4 Results and discussion

The Ag projections of the correlation functions for the three
different trigger particles are shown for two ptTrlgg intervals,

3 < ptTngg < 4GeV/cand9 < ptTrlgg < 11 GeV/c, in Fig. 2.
Included are also the correlation functions predicted by MC
event generators widely used by the LHC collaborations:
PYTHIAS with the standard Monash tune, which includes
colour re-connection as final-state effects [13], PYTHIAS
Monash tune with shoving [14] and EPOS LHC [12]. It is
important to note that the PYTHIA 8 Monash and EPOS LHC
tunings were based on single-particle spectra and underlying
event observables, but did not include particle correlations
in azimuth. The shoving strength parameter g is here set to g
= 3 and in addition the upper pr cut for the shoving mech-
anism is turned off. None of the models describes quanti-
tatively the correlation functions consistently for the three
trigger particle species. For the low ptTngg, both PYTHIAS
tunes overestimate the peaks on the near- and away-side,
while EPOS LHC underestimates them significantly for all
trigger particles except for the Ks. In the high ptT“gg inter-
val, the shoving tune of PYTHIAS is underestimating the
near-side peak for all trigger particles except for Ks’—h case,
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Fig. 3 Per-trigger yields of h-h (left), Ks-h (middle) and (A +

‘A)-h (right) correlation functions as a function of P

trigg

near-side (upper row) and away-side (lower row) for different mul-

tiplicity classes. For visibility, the values in the various event

on the

ptT”gg (GeV/c) ptT'igg (GeV/c)

classes are scaled with the factors indicated in the legend. Error
bars and colored boxes represent statistical and systematic uncer-
tainties, respectively, which are in most cases within the data
points
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Fig. 4 Ratio of the per-trigger yields in different multiplicity classes
to the corresponding minimum bias yield for h-h (left), Ks%-h (mid-
dle) and (A + A)-h (right) correlations on the near-side (upper row) and

but describes well the away-side peak. The description of
EPOS LHC and PYTHIAS Monash is similar in both py 2
intervals, where EPOS LHC is underestimating both peaks
of h-h and (A + A)-h correlation functions and can reason-
ably well describe the A¢ projection of the Ks’~h correlation
function. PYTHIAS8 Monash tune overestimates both peaks
for all three types of correlation functions.

The per-trigger yields, obtained by integrating the A¢ pro-
jections of the correlation function for the intervals |Ag| <
0.9 (near-side) and |[Agp — 7| < 1.4 (away-side) are stud-
ied as a function of ptTngg, 7% and event-activity class for
the three trigger particle species and compared with the MC
event generators. The results are described in the following
sections.

4.1 Per-trigger yields

The per-trigger yields are shown in Fig. 3 as a function of
the pglgg for different event-activity classes. An increasing
trend with p?gg is observed, as expected, as higher energetic
jets have increasingly more associated particles.

For a more quantitative inspection of the event-activity
dependence, the ratio between the yield in each event class

@ Springer

P99 (GeVic) P99 (GeVic)

away-side (lower row). Error bars and colored boxes represent statistical
and systematic uncertainties, respectively

and the yield for minimum bias is given in Fig. 4. Differ-
ent trends are visible for the near- and away-side peaks. A
clear multiplicity ordering for the near-side can be observed,
events with higher multiplicity exhibiting the highest yields.
This behaviour is most obvious for the h—h correlations, but it
is significant on the near-side also for the VO-triggered yields.

For the away-side this ordering is reverted, in particular
with the increase of the pr of the trigger particle. Given
the uncertainties, this trend is less significant for the KSO-
h and (A + A)-h correlations. The finding is qualitatively
reproduced in PYTHIAS simulations and can be understood
considering that the location of the away-side jet is not fixed
in 1. The requirement of a low (high) multiplicity in the VO
detectors at larger rapidity, biases the events towards configu-
rations where the away-side jet is within (outside) the central
acceptance, thus increasing (decreasing) the per-trigger yield
at the away-side. The near-side jet is by construction in the
central pseudorapidity acceptance, though the multiplicity
measurement in the VO detectors may still be influenced by
long range correlations (flow-like) and fragmentation biases.
This jet bias, although expected and roughly understood, is
interesting, as it gives insights on particle production mecha-
nisms. It is further investigated through the comparison with
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Fig. 5 Per-trigger yields of h-h (left), Ks-h (middle) and (A + A)-h (right) correlation functions as a function of P on the near-side (upper row)

and away-side (lower row) for different p[Trigg

model predictions and through normalisation of the yields
for Ks®-h and (A + A)-h to those for h-h. '
The p§°¢ per-trigger yield spectra for different p%ngg
intervals are shown in Fig. 5. A decreasing trend with p§*°°
is observed, as expected, as the probability for creation of
associated particle with high pt decreases with pr. Note, that
due to the kinematic requirement p*s°¢ < pfll:l %8 the yields
triggered with lower pr particle do not cover the full p§**°°

range.

4.2 Comparison with model predictions

The ratios of model predictions to data for the integrated
per-trigger yields are shown in Fig. 6 for the near- and away-
side yields as a function of ptTrlgg for minimum bias events
and event classes selected on their activity. The first finding
is that the trends in the model descriptions of the data are
largely the same for h-h, Kso-h and (A + A)-h correlations.
The event-activity dependence is reproduced by PYTHIAS8
calculations, for both the standard tune and with shoving, the
latter clearly offering a better description. The dependence
is not reproduced by EPOS LHC.

For the near-side, PYTHIAS8 with colour re-connection
describes well the yields for high pr trigger particles while
it overestimates the yields at low-pr. This is valid for all

intervals. Error bars and colored boxes represent statistical and systematic uncertainties, respectively

multiplicity classes and holds for the three species of trigger
particle. This is a consequence of the good description of
the hard QCD processes in PYTHIAS, which do not depend
on the event multiplicity. The shoving mechanism improves
the intermediate sector, at the price of degrading the harder
sector. It is apparent that allowing shoving for large pr, as
done for the simulations presented here, is not entirely physi-
cal. The medium-hard and softer regime remains a challenge
and is a subject of current theoretical attention [34]. For the
away-side, the shoving mechanism describes the data bet-
ter than the standard PYTHIAS. In EPOS LHC the event-
activity dependence seen in data is not described well: a
stronger event-activity dependence is observed in the model,
which underpredicts the data for higher event multiplicities
and either overpredicts it (for the near-side) or describes it
well (for the away-side) for the lower event-activity classes.

The features of the data-model comparison are dramati-
cally different in Fig. 7, where the model to data per-trigger
yield ratio is shown as a function of p3**° for minimum bias
collisions. Here, the trigger-particle dependence is rather dif-
ferent in the models. PYTHIAS predicts, for both the stan-
dard settings and for the shoving mechanism, in particular for
the near-side and in dependence of ptTngg, a much stronger
dependence on the trigger particle than seen in the data, while
EPOS LHC describes the data well. For high values of ptTngg,
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Fig. 6 Models to data ratio of integrated per-trigger yields as a func-

tion of p}lfigg for different multiplicity classes on the near-side (top
panels) and away-side (bottom panels) for three MC event generators:
PYTHIAS Monash with colour re-connection (left), PYTHIA8 with

the data are described well in the whole pi*°° range. This

reflects that the full fragmentation process in a hard scatter-
ing is well modelled. It is important to note that PYTHIAS
Monash describes quite well the measured pt dependence
of the ratio (A + K)/Ks0 in jets with pr > 10 GeV/c.
Howeyver, the ratio in MB collisions is not described well, in
particular for pt < 4 GeV/c [35].

It is interesting to examine the differences between
PYTHIAS with the standard settings and with the shov-
ing mechanism. Clearly, the shoving mechanism describes
the medium-hard processes better, corresponding roughly to
3 < pr® <5GeVicand 1 < pi¥° < 5 GeV/e, while the
harder processes are underestimated. This is visible in par-
ticular in Fig. 6 for all trigger-particle species for different
event-activity classes, while in case of the p§**°° dependence
shown in Fig. 7 the shoving mechanism leads to a poorer
description of the data compared to the standard settings.

The EPOS LHC model gives a rather different descrip-
tion of the data compared to PYTHIAS. In contrast to the
rather poor description of the pfrngg and event-class depen-
dence (Fig. 6) the dependence on pi**°° (Fig. 7) is rather

@ Springer
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shoving (middle) and EPOS LHC (right). Note, for plotting purpose,
the arbitrary shifts for the vertical axis are given in the legend. The
bands represent combined systematic and statistical uncertainties from
data and models

well described for different pfrrigg intervals and for the three

trigger-particle species.

4.3 Comparison of hadron- and strangeness-triggered
yields

In order to compare more quantitatively the correlation yields
for different trigger-particle species, ratios to the per-trigger
yields for h-h are calculated. These ratios are shown as a
function of p&flgg in Fig. 8 for the near- and away-side, while
Fig. 9 shows them as a function of pi**°°. The data indicate
that the differences between charged-hadron (a sample dom-
inated by pions) triggered yields and either Ks” or (A + A)
triggered yields are small and have a weak dependence on the
event-activity class. All three models describe the trends seen
in the ratios better than it was the case for yields itself, a con-
sequence of the earlier finding that the model-data disagree-
ments are very similar for the three trigger-particle species.
At closer examination, one observes that a difference
between different trigger-particle species is visible for the

. . . Ks’—h ,x,h—h
near-side. The yield ratios Y , 0 /YA , are smaller than

unity and flat with pr% in all multiplicity classes, which
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Fig. 7 Models to data ratio of integrated per-trigger yields for min-
imum bias collisions as a function of pi*°® for different p WIE inter-
vals on the near-side (top panels) and away-side (bottom panels) for
three MC models: PYTHIA8 Monash with colour re-connection (left),

indicates that jets triggered with Ks” mesons contain less
particles than the unbiased (inclusive) jets and this feature
does not depend on the hardness of the process ( p? £8) or

event multiplicity. In contrast to that, the Y(A+A) -h /Y}Eph

ratio increases with pT rigg Potentially, this could be explained
with a bias towards gluon jets, which contain more particles
[19] and have relative enhanced production of A hyperons
[21]. In the right column in the left plot of Fig. 9, it is visible
that this effect in the data is pronounced for the soft part of
harder jets (low pi**°° for high pmgg) A decreasing trend of
the ratio can also be observed with increasing pi™°¢. This
suggests that a jet triggered with either a Ks” or a A or A
particle has a smaller amount of associated particles with
higher pr than a jet triggered with an unidentified hadron
with the same pt. This decreasing trend is reproduced by the
considered models.

To check if the difference in the ratios for the near side trig-
gered with Ks” and (A +A) can be caused by the differences
between quark and gluon jets, a separated PYTHIA 8 study
was performed, selecting exclusive hard processes contain-
ing only quarks (g 4+¢q¢ — g+¢) or gluons (g+g — g+g)in
the final state. The results of this study are shown in Fig. 10 for

PYTHIAS with shoving (middle) and EPOS LHC (right). Note that for
plotting purpose, the arbitrary shifts for the vertical axis are given in
the legend. The bands represent combined systematical and statistical
uncertainties for data and statistical for models

MB collisions in comparison with the data. It is visible that
the ratio is almost identical for the Ks°-triggered yields for
both quark and gluon jets. In this case, for both processes the
ratio is flat as a function of pfr and decreasing with pi¥°°.
Nevertheless, a clear difference between the two processes
is observed in the ratios of yields triggered with (A 4+ A).
The ratio for the gluon-jet process is increasing with pmgg
and is higher, while it is flat and smaller for the quark jets.
A systematic difference is visible also in the p3*°° depen-
dence, where the ratio from gluon jets is significantly higher
than the one from quark jets. Although the pr distributions
of hadrons in the simulated exclusive processes may be dif-
ferent than in MB collisions, it is expected that the observed
difference is generic and explains at least some of the trends
seen in the data.

In contrast, for the away-side, the ratios as a function of
ptTngg are compatible with unity within the uncertainties as
shown in the right part of Fig. 8, thus no dependence on the
trigger particle species (KSO or (A + A)) is seen. The devi-
ation of some bins from unity is caused by the fluctuations
affecting the underlying event estimation. A similar trend is

also observed in the p3*°° dependence in the right plot of
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Fig. 8 Ratios of integrated per-trigger yield of Kg®-h (left column) or

(A + A)-h (right column) to h-h as a function of pgigg, for the near-
side in the left plot and for the away-side in the right plot, for different

Fig. 9. This fits to the expectation that there is no bias in the
away-side jet, since the associated production of strangeness
is not dominated by hard processes, i.e. initial production
of ss as pair leading to two strangeness induced jets. This
is confirmed by the comparison with models, which predict
ratios for the away-side around unity (Fig. 8).

5 Summary and conclusions

Charged-hadron, Ks” and (A+A) triggered correlation func-
tions are measured at the LHC in pp collisions at /s = 13
TeV with the ALICE apparatus. The integrated per-trigger
yields are extracted for both near- and away-side and studied
as a function of event multiplicity, p;flgg and p5°°. A depen-
dence on the event-multiplicity is observed, which may be
explained at the near-side by an interplay of fragmentation
and of collective-like effects such as the long-range ridge. For
the away-side the primary effects are likely due to a selection
bias, where the away-side jet is within the VO detector accep-
tance causing smaller away-side yields for high-multiplicity
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event multiplicity classes. Error bars and colored boxes represent statis-
tical and systematic uncertainties, respectively. The bands around model
curves stand for their statistical uncertainty

classes. This bias was overcome by studying the ratios of
yields for Ks” or (A + A) as trigger particle over that for
inclusive hadrons. For the near-side, different trends were
observed for yield ratios triggered by Ks” and (A+A). While
the le(iih /Yi;h is flat, the Y(A/;JrA)_h /Yg;h increases with
ptTngg. This difference is most pronounced for high p;flgg and
low p5°°. APYTHIAS study of the respective exclusive pro-
cesses reveals that the difference is caused by the bias towards
gluon jets through triggering with A or A hyperon. In the
P dependence of these yield ratios, a decreasing trend of
the ratio can be observed with increasing p§**°°, suggesting a
smaller amount of associated particles with higher pr in the
jets triggered with a VO particle than in jets triggered with
an unidentified hadron with the same pt. This trend can be
reproduced by the considered models. However, on the away-
side, no clear difference between the trigger-particle species
is observed.

All the measured quantities are compared with model
predictions. PYTHIAS8 with the standard Monash tune can
describe the data for high ptTrlgg (hard processes) while the
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shoving mechanism works better at intermediate pglgg. The
comparison of data with the EPOS LHC model reveals
that the model predicts a significantly stronger multiplicity
dependence than seen in the data. The ratios of yields for Kg”
or (A + A) trigger particles to those for inclusive (charged)
hadrons are qualitatively well described by all the consid-
ered models, except for EPOS LHC at the near-side for the
(A + A) triggered yield ratios.
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