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Abstract Properties of the underlying-event in pp interac-
tions are investigated primarily via the strange hadrons K,
A and A, as reconstructed using the ATLAS detector at the
LHC in minimum-bias pp collision data at /s = 13 TeV.
The hadrons are reconstructed via the identification of the
displaced two-particle vertices corresponding to the decay
modes K — nt7n =, A - n~pand A — 7" p. These are
used in the construction of underlying-event observables in
azimuthal regions computed relative to the leading charged-
particle jet in the event. None of the hadronisation and
underlying-event physics models considered can describe the
data over the full kinematic range considered. Events with a
leading charged-particle jet in the range of 10 < pr < 40
GeV are studied using the number of prompt charged parti-
cles in the transverse region. The ratio N(A + A)/N (K 2) as
a function of the number of such charged particles varies only
slightly over this range. This disagrees with the expectations
of some of the considered Monte Carlo models.
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1 Introduction

The simulation of proton—proton (pp) collisions at the Large
Hadron Collider (LHC) is divided into several stages. Typi-
cally there is the calculation of a hard interaction in perturba-
tive quantum chromodynamics (QCD), which is followed by
QCD-inspired parton shower models and then a phenomeno-
logical treatment of the hadronisation of the resulting partons.
These hadronisation models, such as the Lund string [1] and
cluster [2] models, attempt to act as universal solutions: part
of the description of almost all pp collisions. The accuracy of
these hadronisation models affects the interpretation of our
measurements.

An extra complication is that partons from the pp interac-
tion, in addition to those in the hard scattering, can undergo
scattering in a process known as multi-parton interactions
(MPI). These additional interactions are typically much
softer than the hard interaction which, presumably, triggered
the recording of the event.

Typical models of hadronisation have parameters that
are tuned using data recorded in ete™ collisions from
the LEP collider [3,4], as well as from the LHC [5] and
other experiments. Much of these data uses the proper-
ties of particles identified only as charged hadrons, but K g
and (A + A)yields, and properties of strange mesons and
baryons in general have also been important in determining
these parameters. The parameter sets are known as ‘tunes’
when applied to models using the Monte Carlo (MC) method
and are made public by the experimenters using them. The
increasing size of the high-precision LHC datasets demands
ever higher precision in the modelling, and motivates an
expanded set of measurements to help tune the models. New
approaches may also highlight regions where some models
do not provide an adequate description.

The mass of the strange quark is close to the divergent scale
of perturbative QCD, Aqcp ~ 250 MeV, which makes for a
subtle interplay between kinematic effects and long-distance
(low-energy) QCD interactions. The formation of baryons
also presents additional sensitivity to the modelling of MPI
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and colour reconnection via the three-way colour junctions
required for baryon formation.

This paper presents spectra measurements within individ-
ual pp interactions of the strange neutral hadrons K 9 Aand
A, as measured in low pile-up pp data recorded in 2015
by the ATLAS experiment at the LHC during /s= 13 TeV
collisions. These strange hadrons are reconstructed in this
analysis via their displaced decay vertices, and these par-
ticle species are used extensively by LHC experiments to
explore hadronisation and fragmentation in hadronic inter-
actions; prior studies include Refs. [6-16].

The (A 4+ A)and K. g yields are presented normalised to
the total number of events or to the total number of prompt
charged-particles, and the relative (A + A)to K g yields are
presented in addition. These ATLAS data are compared with
MC predictions within a fiducial volume where ATLAS
maintains both a high reconstruction efficiency and a low
probability of fakes (a mis-reconstructed particle).

Measurements are made following a so called underlying-
event (UE) formalism that originated in studies of pp colli-
sionin CDF [17]; many UE measurements are made based on
LHC collision data with different particle species at different
centre of mass energies, including ATLAS [18], ALICE [19]
and CMS [20].

The charged-particle jet with the highest transverse
momentum (pr) in each event, denoted the ‘leading jet’,
defines an axis in the plane transverse to the beam directions.
The azimuth is split into three equal size regions defined by
the leading jet as shown in Fig. 1. The towards region con-
tains the 277/3 of the azimuth centred on the leading jet, the
away region is w away and typically contains most hadronic
recoil. Finally the transverse region is formed from the two
opposite-sided A¢ ~ =£m/2 regions from the leading jet,
each of size /3. The transverse region is expected to be the
most sensitive region in which to study hadronisation effects
associated with MPI as it is minimally contaminated by any
leading 2 — 2 scattering process in the event.

The multiplicity of reconstructed K2, of the combined
sum of Aand A, and of prompt charged-particles is mea-
sured in each of the towards, transverse and away regions as
a function of two variables. First, the multiplicities are mea-
sured against the pt of the leading jet in the event. Second,
they are measured against the multiplicity of prompt charged-
particles in the transverse region (Nch,trans). This variable
exhibits sensitivity to per-event MPI fluctuations. This fol-
lows from the study performed in Ref. [21] and comple-
ments other related measurements such as those performed
by ALICE in Refs. [14,15,19,22].

These measurements test a set of fragmentation proper-
ties that ATLAS has not previously probed, allowing a range
of predictions from different MC models to be compared
with data. None of the models considered are entirely satis-
factory over the observables, and these data could be used to
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Fig. 1 Illustration of the underlying-event regions relative to the lead-
ing jet

improve future simulations. Other recent modelling improve-
ments such as the baryonic colour reconnection model inte-
grated into the HERWIG MC generator in Refs. [23,24] are
also expected to be sensitive to the results in this paper.

The following chapters describe the ATLAS detector
(Sect.2) and the data and simulation samples (Sect. 3). This
is followed by the analysis’ selections (Sects.4 and 5),
correction factors (Sect.6), strategy (Sect.7), uncertainties
(Sect. 8), and ends with a set of results as compared with MC
models (Sect.9) and final conclusions (Sect. 10).

2 The ATLAS detector

The ATLAS detector [25] at the LHC covers nearly the
entire solid angle around the collision point.! It consists of
an inner tracking detector surrounded by a thin supercon-
ducting solenoid, electromagnetic and hadronic calorimeters,
and a muon spectrometer incorporating three large supercon-
ducting air-core toroidal magnets. The calorimeter and muon
spectrometer detectors are not used by the analysis reported
in this paper.

The inner-detector system (ID) is immersed in a 2T axial
magnetic field and provides charged-particle tracking in the
range |n| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measure-
ments per track, the first hit generally being in the insertable

I ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upwards. Polar coordinates (r, ¢) are
used in the transverse plane, ¢ being the azimuthal angle around the
z-axis. The pseudorapidity is defined in terms of the polar angle 6 as

n = —Intan(6/2) and is equal to the rapidity y = % In (gfﬁ;) i

the relativistic limit. Angular distance is measured in units of AR =

V(AY)? + (Ag)2.

=
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B-layer (IBL) installed before Run 2 [26,27]. It is followed
by the SemiConductor Tracker (SCT), which usually pro-
vides eight measurements per track. These silicon detectors
are complemented by the transition radiation tracker (TRT),
which enables radially extended track reconstruction up to
[n] = 2.0. The TRT also provides electron identification
information based on the fraction of hits (typically 30 in
total) above a higher energy-deposit threshold correspond-
ing to transition radiation.

The minimum-bias trigger scintillators (MBTS) [28] pro-
vide the trigger signal. These are mounted beyond the inner-
detector volume at z = £3.56 m and are segmented into
two rings in pseudorapidity (2.07 < || < 2.76 and 2.76 <
In] < 3.86), with eight azimuthal sectors in the inner ring
and four in the outer.

Inelastic events are selected by the first-level trigger sys-
tem implemented in custom hardware, followed by selections
made by algorithms implemented in software in the high-
level trigger [29]. The first-level trigger can accept events
from the 40MHz bunch crossings at a rate up to 100kHz, but
in the data sample used here it was pre-scaled to run at only
about 1.5kHz and all of the events were recorded without
additional selection in the high-level trigger.

A software suite [30] is used in data simulation, in the
reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data acquisition
systems of the experiment.

3 Data and Monte Carlo samples

Data from six LHC runs as recorded by the ATLAS detec-
tor in June 2015 are used. These runs had up to 29 colliding
bunches with a large spatial separation between the collid-
ing bunches, and with the probability of an inelastic interac-
tion per bunch crossing being much smaller than one. Only
data where the inner detector was operating nominally are
included.

For five of the six runs, events were predominately
recorded by a single-hemisphere primary trigger that required
that at least one MBTS sector was above threshold. For a
period during the sixth run, the primary trigger required at
least one MBTS sector was above threshold in both the +z
and the —z hemispheres of the detector. This two-hemisphere
trigger selection introduces a slight bias towards events with
a larger number of charged particles over a wider range
of pseudorapidity. Events recorded by the two-hemisphere
trigger are only used in the second part of the analysis
that requires the event’s leading jet to be in the range of
10 < pt <40 GeV, as described in the following section.
There are about 110M events recorded with the single-
hemisphere trigger and an additional 20M events recorded
exclusively with the two-hemisphere trigger.

All triggered events are required to be in coincidence with
time windows in which proton bunches were present and
colliding in both of the beams in ATLAS. The mean number
of inelastic interactions per bunch-crossing, (u), varied over
the runs between 0.003 < (u) < 0.03.

Three MC simulation samples are used: EPOS [31] using
the EPOS-LHC [32] tune, PYTHIAS inelastic [33] with the
A2 [34] tune, and PYTHIAS inelastic with the Monash tune
and modified colour-reconnection model [35] (which was
used at particle level only). The ATLAS detector’s response
to the outputs of the EPOS-LHC and PYTHIAS A2 generators
was simulated using GEANT4 [36,37].

The EPOS MC provides an implementation of a parton-
based Gribov—Regge theory [38], which is an effective QCD-
inspired field theory describing the hard and soft scatter-
ing simultaneously. The treatment of string hadronisation in
EPOS is dependent on the local density of string segments
per unit volume relative to a critical-density parameter. Each
string is classified as being in either a low density coronal
region or in a high-density core region. Corona hadronisa-
tion proceeds via unmodified string fragmentation whereas
the core is subjected to a hydrodynamic evolution, i.e. it is
hadronised including additional contributions from longitu-
dinal and radial flow effects [39]. This hydrodynamic col-
lective flow approach to modelling MPI is contrasted against
modelling in PYTHIAS.

PYTHIAS inclusive pp non-diffractive events are domi-
nated by 7-channel gluon exchange whereas diffractive inter-
actions are modelled via colour-singlet exchange. The mod-
elling in PYTHIAS is based on leading-logarithmic initial-
and final-state parton showers, a Lund-string hadronisa-
tion model, and particle-decays and soft-QCD modelling,
in contrast to the hydrodynamic collective flow approach of
EPOS. As the partonic cross-section for the 7-channel gluon
exchange exceeds the hadronic non-diffractive cross-section
at low pr, the existence of MPI is implied and included in
PYTHIAS as an eikonal distribution of perturbative QCD scat-
terings, governed by impact-parameter and hadronic-overlap
functions. The ATLAS minimum-bias tune A2 is used. This
tune is based on the MSTW2008 leading order (LO) par-
ton distribution function (PDF) set [40], and was tuned using
ATLAS minimum-bias data at 7 TeVfor the MPI parameters.
It uses PYTHIA’s MPI-based colour reconnection scheme,
with mergers of colour flow between MPI systems con-
trolled by a reconnection-range parameter. It provides a good
description of both the minimum-bias multiplicity and pr
distributions, and transverse energy-flow data [41].

The Monash [42] tune is used in combination with an alter-
nate colour-reconnection model to provide an additional sim-
ulation parameterisation which is compared with data. This is
latter referred to as PYTHIA8 Monash+CR (Colour Reconnec-
tion). The Monash tune was constructed using Drell-Yan and
underlying-event data from ATLAS, but also data from CMS,
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from the Super Proton Synchrotron, and from the Tevatron in
order to constrain energy scaling. It uses the NNPDF 2.3 LO
PDF set [43]. This tune gives an excellent description of the
ATLAS 7, 8 and 13 TeVminimum-bias pt spectra [44—46].
Monash is used in conjunction with the ‘Mode 2’ parame-
terisation of the colour-reconnection model from Ref. [35].
This model uses approximations to the full group-theoretical
weights from SU(3) to compute probabilistic string topolo-
gies where short string lengths are favoured. This allows
‘string-junction’ structures to form, which provides a fur-
ther source of baryon (and anti-baryon) production. This can
arise at larger distances of order five femtometers, as com-
pared with local baryon-production mechanisms.

4 Object selections

The following selections are imposed to identify candidate
physics objects using the ATLAS inner-detector.

Prompt tracks: The prompt tracks selection only consid-
ers tracks reconstructed from the primary minimum bias
tracking step, discussed in more detail in Ref. [47]. This
step reconstructs tracks with a maximum transverse impact
parameter of 10mm. Prompt tracks are required to satisfy
pt > 500MeV, |n| < 2.5, minimum hits requirements in
the pixel and SCT, and a x requirement to remove mismea-
sured high-pt tracks. Selected tracks are required to have
both the transverse and longitudinal (multiplied by sin6)
absolute impact parameters relative to the primary vertex (see
Sect.5) of less than 1.5 mm. Tracks with || < 2.5 are used
as input to jet reconstruction, with a requirement of || < 2.1
being later used to construct underlying-event observables.
This minimises contamination from tracks originating from
jets with |n| > 2.1.

Jets: The anti—k;algorithm [48,49] with a radius parameter
of R = 0.4 is used to reconstruct charged-particle jets using
the set of prompt tracks as input. The leading jet is defined
as the highest-pr jet satisfying |n| < 2.1; this n restriction
prevents edge-effects by ensuring that tracks associated with
the jet are all from within the tracking acceptance.

Large-radius tracks: ATLAS’ standard tracking is not opti-
mised for the reconstruction of charged particles at large
impact parameter; the large-radius tracking runs as a sec-
ondary tracking step to improve upon the reconstruction effi-
ciency for these particles. The reconstruction of these tracks
is important to maintain efficiency for low-pt charged par-
ticles from strange hadron decay which can have large cur-
vature. This secondary step forms tracks with space points
that were not used in the primary minimum bias tracking
step. The transverse (longitudinal) impact-parameter require-
ments applied during reconstruction are loosened signifi-
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Table1l K g , A and A selection criteria

K AA
1 < 1.0 < 1.0
PT > 400 MeV > 750 MeV
cosf > 0.9990 > 0.9998
Ryy 4mm < Ry, <300 mm I5mm < R,, < 300 mm
Mf/'g < 15 MeV < 5MeV
My [ M0 —MKS\ < 20 MeV [Myo — MA| < 7MeV

cantly from 10 to 300 mm (250 to 1500 mm) and the require-
ment of a pixel hit is dropped. Tracks reconstructed in the
large-radius step are not used directly; instead they are sup-
plied as additional inputs to a V? -finder algorithm.

VO finder: Vertices reconstructed from a pair of oppositely-
charged particle tracks are denoted ‘V°’. The V°-finder
algorithm reconstructs candidate two-body decay vertices [8].
The algorithm iterates over all possible pairs of oppositely
charged particle tracks in the combined sample of both the
primary and the large-radius tracks; no quality selections are
applied to the tracks before their use in the V' algorithm.
The algorithm identifies two-particle vertex candidates with
a x? probability > 1 x 10~*. Candidates are rejected if the
radius of the innermost space-point on either track is at a
smaller radius than the V° candidate reconstructed position.
The passing V candidates form a preselection sample. They
are fitted with each of the Kg — atx",A - pr~ and
A — pr particle hypothesis for the positive and negative
charged-particle track.

Kaon and Lambda: The selection of K. g, A and A candidates
is made from the set of preselected V. The selections favour
a high-purity sample containing few fake V. The selections
are listed in Table 1; here 6 is the angle in 3D between the
direction of the candidate momentum and the line joining the
primary and V?secondary vertices, Ryyis the decay length
of the candidate projected on to the x, y plane, Myo is the
candidate’s computed mass and M7 is the uncertainty in this
mass. Hadron masses are taken as 497.611 £ 0.013 MeV for
Kg and 1115.683 + 0.006 MeV for A and A [50].
Candidates must also satisfy two subsequent cleaning
selections. Pairs of selected V° of the same species are vetoed
if they are less than a distance of AR < 0.1 away from each
other. This removes duplicate pairs of V°that reconstruct
from a triplet of tracks. A V?is additionally vetoed if it simul-
taneously satisfies the K g and A, or K g and A selections,
which removes ambiguous candidates. It is not possible for
a VO to simultaneously satisfy the A and A selections.
Selected candidates are visualised in an Armenteros—
Podolanski diagram [51] in Fig.2. In this 2D distribution
the abscissa is used to plot the asymmetry of the momen-



Eur. Phys. J. C (2024) 84:1335

Page 5 of 29 1335

300 x10°
Passing V° Cuts ATLAS

P 67x10° Events s=13 TeV

[MeV]

-

p

200

150

Number of candidates

100

-1 -0.5 0 0.5 1
o= (p" P, )/(pII +p")

Fig. 2 Armenteros—Podolanski diagram of all K9, A and A candidates
in data, the ordinate has bin intervals of 6 MeV in prt and the abscissa
has bin intervals of 0.048 in «. See text for the definitions of the ordinate
and abscissa

tum component of the Vs two tracks that is parallel to the
v9’s momentum vector, @ = (pﬁr - p[)/(l?ﬁr + py ), and
the ordinate to plot the momentum component of the two
tracks that is perpendicular to the V?’s momentum vector.
Kg have symmetric decays and hence a symmetric shape
around o = 0.0 whereas A populate the region near o« = 0.5
and A the region near @ = —0.5 as the p (or p) takes a larger
fraction of the decay momentum.

Particle-level selection: The particle level selection defines
a fiducial volume, and the data are corrected and unfolded
to match this definition. The particle level selection closely
follows the reconstruction-level selection. Prompt particles
are required to be stable (lifetime 7 > 0.3 x 1010 ), to
not be a charged baryon with lifetime 0.3 x 10710 < 7 <
3.0 x 10710 (see Ref. [47]), In] < 2.1 (or |n| < 2.5, when
being used as input to jet finding), have a non-zero charge
and pt > 500 MeV.

The reconstruction of charged-particle jets at the particle-
level is analogous to the jets selection above at the reconstruc-
tion-level.

Branching ratios are folded into the selection of weakly
decaying strange hadrons. In addition to the |n|, pr and
R,y requirements listed above in Table 1, selected K 0, A and
A are required to decay into 77 ~, pr~ and prt, respec-
tively. In all cases the two decay-children must satisty || <
2.5, but there is no explicit pt requirement on the children.
Passing candidates of the same particle species that are less
than a distance of AR < 0.1 separation are vetoed to mirror
the reconstruction-level selections.

5 Event selections

The following requirements are applied to select events for
inclusion in the analysis. Physics objects as defined in Sect. 4
are used in the event selection.

Trigger: Data events are required to satisfy the trigger
requirements detailed in Sect. 3.

Vertex: Data and MC events are required to contain a pri-
mary vertex reconstructed from two or more tracks with
pt > 100 MeV following the selection in Ref. [47]. Pile-
up events are defined as data events containing two or more
reconstructed primary vertices with four or more associated
tracks each. These events are removed.

Track: Events are required to have at least one track with
pr > 1 GeV which passes the prompt tracking selection.
Particle-level events similarly require at least one selected
charged particle with pt > 1 GeV.

Jet: Events where the leading jet satisfies 10 < pt < 40 GeV
are classified as having satisfied the restricted leading-jet
selection.

A total of 67M events satisfy the event selections in
data, with a 1.4M event subset satisfying the restricted
leading-jet selection. The available EPOS-LHC and PYTHIAS
Monash+CR MC statistics are comparable in size to the data,
whilst the PYTHIA8 A2 sample is only around 25% of the size
of the data.

6 Event and particle correction factors

Some detector effects are corrected for by the application of
correction factors. These are applied as an event-level weight
for the trigger, and as per-candidate weights for selected
tracks and V©.

Data events selected by the single-hemisphere MBTS trig-
ger are corrected to remove a small trigger inefficiency for
low values of leading-jet pr. This trigger is 98.8% efficient
in events with a single track reconstructed relative to the
beam spot with pt > 500 MeV, and the efficiency quickly
rises to 100% with five or more tracks. No trigger cor-
rection is applied to the two-hemisphere MBTS triggered
sample due to this only being used in conjunction with a
10 < pt < 40 GeV requirement on the leading jet, for which
the trigger is 100% efficient.

Selected prompt tracks and V°are corrected for detector
effects by application of a per-track or per-V° weight. The
initial computation of the weights with MC involves match-
ing the selected prompt tracks and both of the decay tracks
of the selected VOto particle level tracks. Inner-detector
space points are associated with the charged particle that
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was found to produce the largest energy deposition. Recon-
structed tracks are matched to charged particles based on the
fraction of space points on the track that are common to both
the reconstructed track and the particle-level particle.

The MC-derived average tracking efficiency for prompt
charged pions with pt > 500 MeV is 88% at central pseu-
dorapidity, falling to 75% by |n| = 2.1. The track-correction
weight includes efficiency corrections for charged particles
that failed to be reconstructed, and corrections for recon-
structed tracks that were not matched to particle level. The
correction is assessed as a function of n and pr. Details of
the correction are found in Ref. [47].

VOare similarly corrected using MC-derived correction
factors that are applied on a per-V 9 basis; the details are as
follows.

The V9 correction is factored into an efficiency correc-
tion, which is assessed as a function of pr and Ry, and
a correction for fakes, which is quantified as a function
of pr, Ryyand Nch jocal- Here Nepjocal counts the num-
ber of prompt selected tracks (i.e., from the primary vertex)
within a cone of size AR = 0.2 around the V°’s momen-
tum vector. It allows the probability of a selected V arising
due to combinatorial background or non-prompt strange-
hadron production to be assessed as a function of the local
charged-particle density. The probability that a A candidate
is a fake rises from 15% for N¢p jocal = 0 up to around 50%
for Ncn jocal = 6. The yo weight is the product of the effi-
ciency weight (w. = 1/e, w. > 1) and the fakes weight
(wg = 1 — fake fraction, wy < 1). Examples of the K9,
Aand A efficiency and fake distributions are presented in
Fig.3.

The mean correction factor is found by integrating over
the fiducial region. The EPOS-LHC reconstruction efficiency
is 46.07 =+ 0.01% for Kg, 30.00 £ 0.02% for A, and
26.2040.02% A . For comparison, the equivalent efficiency
as computed with PYTHIA8 A2 agrees to within < 0.01%
(0.03%) for K g (Aand A). The quoted uncertainties include
only the statistical error. The difference between A and A is
due to the asymmetric momentum distribution in the decay
together with the asymmetric efficiency of the ATLAS tracker
relative to low-momentum charged-particles. The two MC
simulations disagree in the fraction of selected V° for which
the MC particle record does not contain a strange hadron.
This was found to arise from PYTHIA8 A2 underestimating
the inclusive A and A yield by up to 50% whereas EPOS-
LHC is within 10% of the data. Side-band studies were per-
formed using the functional forms from Ref. [8] to fit the
K g and (A + A) line-shapes. These studies indicate that data
and both of the MC simulations have comparable levels of
combinatorial background. The combination of the compa-
rable background with an under predicted yield results in
PYTHIA8 A2 predicting that on average 30% of the recon-
structed A and A candidates fail to match against a selected
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particle-level hadron, versus 25% for EPOS-LHC. For K (S) it
is around 4% for both of the MC simulations. EPOS-LHC
is used to calculate the correction factors applied to the data
due to its better agreement with data.

The strange-particle reconstruction efficiency was evalu-
ated under systematically modified ATLAS geometry models
derived from the studies in Ref. [52]. The largest effect was
observed from a 5% increase in all non-silicon material vol-
umes in the inner detector. The mean efficiency under this
geometry model was reduced by 0.7% for K g and 0.4% for
(A + A), with the largest reduction for VCat the low-pr
kinematic limit.

Systematic uncertainties are added for both the fake-
fraction evaluation via side-bands and efficiency evaluation
via material effects in simulation, as discussed in Sect. 8.

7 Analysis strategy

For data and MC simulated events, the leading jet in selected
events is used to define the towards, transverse, and away
regions of the event. The multiplicity is computed separately
in each of these three regions for the selected K g candidates,
the combined set of (A + A) selected V candidates, and for
the selected prompt charged-particles. The per-candidate cor-
rection weights from Sect. 6 and Ref. [47] are applied when
computing these observables. A further observable ‘event
count’ is added; this observable is used to count the events
in each bin of (e.g.) leading-jet pt and therefore allows
per-event normalised figures to be formed. Final results are
obtained by taking the ratio either between pairs of multiplic-
ity observables, or as a multiplicity observable normalised to
the event observable. This normalisation step is performed
at the end of the analysis after all events are processed.

Each of the observable’s distributions are unfolded before
taking these ratios using an iterative method [53,54] with
four iterations, after which the process is observed to con-
verge. Simulation from EPOS-LHC is used for the response
matrix in the unfolding. The unfolding procedure corrects
for migrations between different pt bins of the reconstructed
and particle-level leading jet. It does not correct for strange
hadron or prompt charged-particle reconstruction effects;
these were corrected for by the application of the per-
candidate weights incorporated into the observables.

An initial set of results is presented as a function of
leading-jet pt. The K g and (A + A)multiplicities are nor-
malised to either the prompt charged-particle multiplicity in
the same underlying-event region, or to the ‘event count’
observable to obtain the mean yield.

This analysis strategy is repeated for events satisfying the
restricted leading-jet selection, 10 < pt < 40 GeV . There s
less of a dependency on the leading-jet pr in this regime of
higher- pt hard-interactions, hence the choice of plot abscissa
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of R,y displayed in a is due to the effect of pixel detector layers

is changed to be the multiplicity of prompt charged-particles
in the transverse region (N, rans)-

Ratios are presented as a function of Nch, trans for the
K and (A + A)multiplicities normalised to the prompt
charged-particle multiplicity in the towards region, and of
the relative yield of (A + A) multiplicity to K¢ multiplicity
in the towards and transverse regions.

8 Uncertainties

The following sources of systematic uncertainty are consid-
ered. They are assumed to be uncorrelated and are combined
in quadrature. Unless noted, the systematic uncertainties are
symmetrised around the central value. The unfolding prior,
unfolding model, and non-closure systematic uncertainties

below are all smoothed with a Gaussian kernel whose width
is three times the width of the current bin, to mitigate the
effect of statistical fluctuations.

Unfolding prior dependence: The dependence on the MC
unfolding prior is evaluated using a reweighting method. The
ratio is taken between MC simulation and data for each recon-
structed observable and a spline-based interpolation between
bins is used to convert this ratio into a weighting function.
A reweighted variant of EPOS-LHC acting as pseudo-data
is produced. For each event the reweighting function is eval-
uated based on the particle level leading-jet pt or Nch,trans »
the weight is applied to the observable at both the particle
and reconstruction levels. The EPOS-LHC pseudo-data are
unfolded through the nominal EPOS-LHC response matrix
with the nominal number of iterations. The percentage devia-
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tion of the unfolded EPOS-LHC pseudo-data with respect of
the reweighed EPOS-LHC particle level distribution is taken
as a source of uncertainty.

Unfolding model: Data are unfolded through response
matrices constructed using the PYTHIA8 A2 MC sample
as opposed to the nominal EPOS-LHC MC sample. The
per-V9 correction factors applied to both the data and the
PYTHIAS reconstructed V9 still wholly originate from EPOS-
LHC. This procedure checks for differences between EPOS
and PYTHIAS in the modelling of the leading charged-particle
(required to be greater than 1 GeV), the leading jet, and any
differences between the modelling of event re-orientation
(see below). It also checks against any residual effects from
unfolding using a model with a different strange hadron yield,
as PYTHIA8 A2’s (A + A)yield is significantly smaller than
in data. The percentage difference between data unfolded
with an EPOS-LHC response matrix and a PYTHIAS A2
response matrix is taken as a source of uncertainty.

Strange-hadron correction systematic uncertainties: A
study was performed in which the probability of selecting a
fake VO was obtained by fitting the K2, A and A line-shapes
as discussed in Sect. 6. Inside of the analysis’ mass-window,
the contribution of the fit associated with combinatorial back-
ground differs by a maximum of 2% between the EPOS-LHC
MC simulation used to derive the correction factors and the
data.

The effect of uncertainty in the material budget of the
ATLAS detector model was also included in this systematic
via a second study, as additionally discussed in Sect.6. The
efficiency correction factor is modified by a power law that
acts to reduce the efficiency by 4% at a V pt of 400 MeV,
and increase it by 2%, clamped, for pt > 8 GeV.

Both the flat 2% variation in the associated per-V fakes
corrections weight and the power-law variation in the per-
VOefficiency corrections weight are varied independently
and included in the strange hadron correction systematic for
allof K2, Aand A

Final contributions in this category are derived from the
statistical uncertainty in the evaluation of the efficiency and of
the fake fraction. These two components of the V° correction
weight were independently varied positively and negatively
by the respective asymmetric statistical uncertainty.

Prompt-track systematic uncertainties: Systematic uncer-
tainties on prompt tracks from Ref. [47] are included when
the multiplicity of prompt tracks is evaluated. This includes
the effects of inner-detector material uncertainty, the effect of
the x? requirement applied to high-pr tracks, plus an addi-
tional flat 0.5% systematic.

Non-closure correction and systematic uncertainty: The
EPOS-LHC reconstruction-level observables, including per-
particle weighting, are unfolded through the EPOS-LHC
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response matrices. The term non-closure is used to refer to
any residual differences that remain between a reconstruc-
tion level MC distribution that was fully corrected for all
detector-effects and the corresponding particle level distri-
bution from the same MC sample. Any non-closure is taken
both as a correction factor, and as a conservative systematic
uncertainty. The application of the correction is integrated
into the bootstrap procedure. Many effects can cause this
non-closure. Event re-orientation effects are where the ¢ of
the leading reconstructed jet does not match the ¢ of the lead-
ing particle-level jet. This causes a misalignment of the three
underlying-event regions between the particle level and the
reconstruction level. The MC modelling of the effect is pri-
marily encoded in the off-diagonal bins of the response matri-
ces as it correlates with a mismatched jet pt between particle
level and reconstruction level. Other causes of non-closure
effect arise from the V9 efficiency correction. This correction
is computed in bins of particle-level strange hadron kinemat-
ics and is then applied on a statistical basis as a correction to
the set of reconstructed V' candidates.

Two illustrative breakdowns of the systematic uncertain-
ties are shown in addition to the statistical uncertainty and the
total uncertainty in Fig. 4, where one breakdown is chosen for
each of the two choices of plot abscissa from the following
results section. These systematic uncertainties are represen-
tative of the final Figs.5, 6 and 7. All of these figures are
obtained from the ratio of two unfolded observables. A boot-
strap method [55] is used to obtain the statistical error in each
bin. This bootstrap technique uses 500 pseudo-runs in both
the data and the MC simulation, each differing as expected
across observables due to correlated statistical fluctuations.
These correlations are propagated to all of Figs.4, 5, 6 and
7. The statistical error for each bin in all final figures is taken
as the root mean square over all pseudo-runs; the covariance
between pairs of bins is computed at the same time.

9 Results

K g and (A 4+ A) multiplicities are presented in Figs. 5 and 6
as a function of the leading-jet pr, with two choices of nor-
malisation. The event-normalised mean distributions show
distinct soft and hard regimes, separated by a leading-jet pr
of around 10 GeV. The mean values in all distributions show
a strong monotonic rise in the soft regime. In the hard regime
the mean values either remain constant over the considered
range, or continue to rise with a significantly smaller slope.
This soft/hard transition is less distinct against the normali-
sation to the prompt charged-particle yield, here the strange-
to-prompt yield is suppressed at low values of leading-jet pr
for (A + A)and for K g in the towards region. However for
K g in the transverse and away regions it is enhanced. The
soft regime is discussed first, followed by the hard regime.



Eur. Phys. J. C (2024) 84:1335

Page 9 of 29 1335

_e_ \\\I\\\\‘\\\\‘\\\\\\\\\\\\\\\\\\\\
PS]
s 12r ATLAS n
- i Transverse Region i
ZIU) Vs=13 TeV
o
&’ 11 67x10° Events -
Z
c
o
2
£
£
g 09— _ o Dpaa 7]
c ——— Corrections Non-Closure
) B Strange Reco. 7
Track Reco.
Unfolding Model -
i ‘Unfoldin‘g Prior | | | |

5 10 15 20 25 30 35 40
Leading-jet P, [GeV]

(a)

Fig. 4 Breakdown of uncertainties in the measurement of a the event-
normalised mean number of K. 8 in the transverse region as a function of
leading-jet pt, and b for the (A + A) multiplicity as normalised to the

No model gives a perfect description of the data, but the
EPOS-LHC model gives the best overall performance in the
soft regime for both of the choices of normalisation. At a
leading-jet pr of around 5 GeV, EPOS-LHC is observed
to correctly model the normalisation for both of the Kg
and (A + A)mean multiplicities over all underlying-event
regions, the agreement is not as good when normalised to
prompt charged-particles but EPOS-LHC remains in best or
joint-best agreement. At very low leading-jet pt, EPOS-
LHC has a tendency to underestimate, especially for rel-
ative baryon yields. Similar and indeed larger trends are
observed in the other models. An exception however is the
Monash+CR model of the K g and (A + A)relative yields
in the towards region, as shown in Figs.5c, d, 6c, d. The
Monash+CR model generally performs as well or better than
EPOS-LHC here in the towards region at low leading-jet pr.

The PYTHIA8 A2 model makes predictions that are sig-
nificantly too low in all distributions in the soft regime.
The underestimation is large in magnitude, up to 40%
for the Kg distributions in Fig.5 and up to 60% for the
(A + A)distributions in Fig.6. The PYTHIA8 Monash+CR
model performs better than the A2 model for all distribu-
tions.

The distributions show a much weaker dependence on the
leading-jet pr in the hard regime. Here the pp interactions
are predominately non-diffractive and at low impact param-
eter; the activity observed is hence driven by a combination
of the multiple soft and semi-hard interactions occurring in
each event that constitute the underlying-event and the activ-
ity from any hard scatter process. The towards and away
regions maintain a tendency for the event-normalised mean
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tematic uncertainties are symmetrised

multiplicity to rise as a function of increasing leading-jet pr
whereas it falls for the prompt-charged normalised cases.
The slope is however considerably shallower in the hard
regime for both of the choices of normalisation. The trans-
verse region in data is predominately flat over the considered
range of the hard regime between 10 < pt < 40 GeV . This
is in part by construction, as this region of the azimuth is
minimally affected by any leading partonic 2 — 2 scattering
interaction. It is noted that while the event-normalised mean
is observed to have only a small dependence on the leading-
jet pt, individual events may show large deviations from the
mean, as explored below.

EPOS-LHC does not do as well in the hard regime as
it did in the soft regime, likely a consequence of it lacking
a hard-scattering model. A common characteristic seen in
all event-normalised EPOS-LHC distributions is a decrease
in the mean multiplicity above approximately 8 GeV in the
leading-jet pr, and a slower increase above 13 GeV. This
deviation from a monotonic rise over the transition from a soft
to a hard event structure is not observed in the other consid-
ered models, nor would such a dip hypothesis be drawn from
the data. After this dip, the EPOS-LHC model predicts a slow
monotonic rise in the event normalised yield and slow mono-
tonic fall in the prompt charged-particle normalised yield, the
shape of which are generally in good agreement with data.
The overall normalisation following the dip region remains
too low, however, in the event normalised sample when com-
pared with data. EPOS-LHC under predicts the data by up to
20% in the hard regime.

The PYTHIA8 A2 model performs well in modelling
the shape of the distributions in the hard regime. How-
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ever, the large under predictions from the soft regime
carry forward and the A2 model continues to under predict
by 20%-40% for Kg distributions, and by 40%—-60% for
(A + A)distributions for both of the choices of normalisa-
tion. The shape of the PYTHIA8 Monash+CR distribution is
comparable to A2; however the Monash+CR model is shown
to more accurately model an overall higher observed multi-
plicity in the hard regime. The PYTHIA8 Monash+CR model
is observed to be in good agreement with data when mod-
elling the mean multiplicity of K g in the toward region, and
of (A + A)in both the away and transverse regions, for both
of the choices of normalisation.

For a comparable UE measurement using only prompt
charged particles such as Ref. [18], the agreement between
data and MC simulation is typically 20% or better, whereas
for the strange-particle species in this analysis, differ-
ences between data and MC simulation exceeding 50% are
observed for some distributions.

The data discussed so far as being in the hard regime
are explored further in Fig.7. The sample of events whose
leading jet lies inside 10 < pt < 40 GeV are included in
these figures, with the per-event number of prompt charged-
particles in the transverse region (Nch,mms) used to define
the plot abscissa. Ncp trans 1S used as a proxy for the number
of soft and semi-hard interactions within the pp collision in
this subset of events.

The K and (A + A) yields as normalised to the charged-
particle yield are shown in Fig.7a, b in the towards region.
The model disagreement is worse at small values of Nch trans
which correspond to events with little activity in the trans-
verse region. EPOS-LHC performs the best here, with the
PYTHIAS A2 model continuing to underestimate the yield
while better modelling the shape. The PYTHIA8 Monash+CR
model predicts no dependence on the relative K g yield with
Nech,trans 1n the towards region, which is not in agreement with
the data.

In Fig.7c, d the ratio of (A + A)to K multiplicity is
presented in the towards and transverse regions. The data
show only a small suppression of the (A + A)to K g ratio
in the towards region for low values of Nch, trans, With the
dependence on this ratio in the transverse region as a function
of Nch,trans being even weaker still. Of the considered mod-
els, only the more simplistic (with regards to the modelling
of strange production in the underlying-event) PYTHIAS A2
model correctly predicts that the (A + A)to K. 8 ratios are
largely insensitive to the Nch, qrans activity levels in the trans-
verse region of the event. However, the absolute value of
the ratio from the PYTHIA8 A2 model is under predicted by
around 40%, due to the underproduction of (A + A) hadrons
in the A2 model relative to data.

These trends may be contrasted with the ALICE measure-
ment in Ref. [14]. A similar enhancement of the strange yield
relative to prompt charged-particles is observed by ALICE
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with respect to prompt charged pions for K. g and (A + A).
Thisis seen here in Fig. 7a, b in the towards region of events at
higher values of N¢p, trans - Here the relative abundance of the
strange hadrons is computed in a kinematic space which inte-
grates over all values of leading-jet pt above 10 GeVin order
to focus on the scaling of this ratio with the amount of activity
in the underlying event, this allows for a more direct probe
of colour reconnection effects. This is the opposite scaling
trend than what was observed above in Figs. 5d and 6d, where
the equivalent strange-particle yields in the towards regions
were decreasing as a function of increasing leading-jet pr
above 10 GeV. In these distributions the relative abundance
of the strange hadrons is integrated over events with small
and large levels of underlying event activity and the scaling
is more strongly influenced by particle production from jet
fragmentation and hadronisation processes at increasingly
large momentum scales. This highlights the importance of
considering both of the choices of abscissa when investigat-
ing the modelling of colour-reconnection effects.

10 Conclusion

Properties of the underlying-event are investigated via the
strange hadrons K2, A and A in ATLAS minimum-bias pp
collision dataat /s = 13 TeV. The hadrons are reconstructed
via the identification of the displaced two-particle vertices
corresponding to the decay modes K g —Satn ,A—>m"p
and A — 7t p.

K g , Aand A multiplicity ratios are constructed nor-
malised to the number of events, or to the prompt charged-
particle multiplicity in the underlying event ‘toward’, ‘trans-
verse’ and ‘away’ regions relative to the azimuthal angle ¢
of the leading charged-particle jet. They are compared to dif-
ferent MC simulation models.

PYTHIA8 A2 is able to describe the dependence of these
observables on the leading-jet pt for both of the K g
and (A + A)distributions, but underestimates the yields
by around 40%-50%. PYTHIA8 Monash+CR displays an
enhanced K g yield and asignificantly enhanced (A + A) yield
bringing it more in alignment with data. EPOS-LHC is better
able to model the rise with leading-jet pT, however it typi-
cally plateaus out too early — and even decreases in some
event-normalised observables at yet higher leading-jet pr,
which is in contrast to what was observed in the data.

A further selection considers events whose leading jet has
10 < pr <40 GeV.The A/K g ratio is observed to have lit-
tle dependence of the number of prompt charged-particles in
the transverse region, which acts here as a proxy for the num-
ber of multi-parton interactions in the event. An enhancement
of the K 8 and (A + A) to prompt charged-particles ratios in
the towards region is observed for larger values of the num-
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ber of prompt charged-particles in the transverse region. The
EPOS-LHC model is in best agreement with these data.

These data measurements are particularly sensitive to the
theoretical modelling and MC tuning of strange and baryon
production during hadronisation and may be used to constrain
theoretical modelling of non-perturbative effects within indi-
vidual pp interactions.
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