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ARTICLE INFO ABSTRACT

Editor: M. Doser The distribution of angular correlations between prompt charm hadrons and primary charged particles in pp
collisions is sensitive to the charm-quark hadronisation process. In this letter, charm-baryon correlations are
measured for the first time by studying the azimuthal-angle difference between charged particles and prompt
AY baryons produced in pp collisions at a centre-of-mass energy of \/E = 13 TeV, with the ALICE detector. A}

baryons are reconstructed at midrapidity (|y| < 0.5) in the transverse-momentum interval 3 < p; < 16 GeV/c, and
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correlated with charged particles with p; > 0.3 GeV/c and pseudorapidity |5| < 0.8. For 3 < p/T\:’D <5 GeV/c, the
comparison with published measurements of D-meson and charged-particle correlations in the same collision
system hints at a larger number of low-momentum particles associated with A}-baryon triggers than with
D-meson triggers, both in the collinear and opposite directions with respect to the trigger particle. These
differences can be quantified by the comparison of the properties of the near- and away-side correlation peaks,
and are not reproduced by predictions of various Monte Carlo event generators, generally underpredicting the
associated particle yields at p3** < 1 GeV/c. This tension between A/ -baryon and D-meson associated peak yields
could suggest a modified fragmentation of the charm quark, or a different hadronisation process, when a charm

baryon is produced in the final state.

1. Introduction

In recent years, the investigation of charm-quark hadronisation
has emerged as a pivotal field of research within high-energy parti-
cle physics. Following a factorisation approach based on the separation
of processes involving soft and hard squared momentum-transfer (Q2)
scales [1], the production cross section of charm hadrons in ultrarela-
tivistic hadronic collisions can be described as the convolution of three
terms: (i) the parton distribution functions (PDFs) of the colliding nu-
cleons; (ii) the cross section of the hard parton scattering responsible
for generating the cc pair, which can be calculated using perturbative
quantum chromodynamics (pQCD) due to the large Q2 of the process;
and (iii) the charm-quark fragmentation function, governing the transi-
tion from the charm quark into a final-state hadron. The fragmentation
function cannot be computed perturbatively, as it is associated with soft
processes featuring large values of the QCD coupling constant « . Con-
sequently, it is generally parameterised from measurements performed
in e*e™ and ep collisions, assuming its universality across different col-
lision systems [2].

While measurements of D-meson production at hadronic colliders
are well described by pQCD calculations employing fragmentation frac-
tions extracted from e*e™ and ep collisions [3-9], in the last decade
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a large wealth of results related to charm-baryon production have dis-
proved the fragmentation fraction universality assumption. In partic-
ular, measurements of A:’ /DO production yield ratios in pp collisions
at the LHC showed an enhancement for pr < 8 GeV/c compared to
equivalent measurements in e*e~ and ep collisions, as well as to ex-
pectations from pQCD calculations and Monte Carlo simulations using
a model of quark fragmentation constrained by measurements on e*e~
and ep collisions [10-14]. An even larger enhancement was observed for
the production of charm-strange baryon states compared to DY produc-
tion [15-17]. As a consequence, the fragmentation fractions of charm
quarks into ground-state charm hadrons measured in pp collisions at the
LHC [5,18] show significantly larger values for charm baryons and, con-
sequently, reduced values for D mesons, with respect to those measured
in e*e™ and ep collisions [19,20].

Several models try to explain the observed baryon enhancement
in terms of modified hadronisation with respect to in-vacuum frag-
mentation, either by considering colour reconnection mechanisms be-
yond the leading-colour approximation, with new junction topologies
that favour baryon formation [21], or by considering coalescence as
an accompanying hadronisation mechanism [22,23]. Another approach
(“SHM+RQM” [24]) foresees the existence of a significant number of un-
observed charm-baryon resonant states, whose decay would contribute
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to the charm-baryon ground-state production yields. While these mod-
els can generally reproduce the A* /DY measurements, they have more

difficulties predicting the enhancement of higher-mass baryons as Eg’+
and Qg [5,17]. A comprehensive understanding of charm hadronisation
in hadronic collisions thus remains challenging.

On top of baryon-to-meson particle ratios, additional information
on possible modifications of charm hadronisation was obtained from a
study of the jet momentum fraction carried by the A} baryon along the
jet axis [25], and from a comparison with analogous results for D-meson
jets [26], performed with ALICE in pp collisions at \/E = 13 TeV. Study-
ing jets containing a A} baryon and their kinematic structure also allows
us to probe whether charm hadronisation features are related to a lo-
cal effect, i.e. related to particles close in phase-space to the A¥ baryon.
The results obtained from the measurement [25] hint at a softer frag-
mentation of the charm quark when it fragments into a baryon, at least
within the limited kinematic region probed.

Further investigation on the charm hadronisation mechanism and
the charm-jet properties can be obtained from specific studies of an-
gular correlations involving charm hadrons. In particular, for the cc
pair production process at leading-order in «g, the azimuthal correla-
tion distribution between charm hadrons (denoted as “trigger particles”)
and charged (“associated”) particles produced in the same collision fea-
tures a “near-side” peak at A = @yrjgoer — Passoc & 0 and an “away-side”
peak at A@ ~ x. The former peak arises from the particles produced by
the fragmentation of the charm quark that hadronises into the trigger
charm hadron, while the latter is originated by the other charm-quark
fragmentation products [27]. The shape, height and integral of the near-
side peak provide a detailed characterisation of the charm-induced jet.
Such properties are closely related to the amount of charged particles
produced from the charm parton shower in association with the charm
hadron, their angular displacement from such a hadron, and their trans-
verse momentum. All these quantities are, in turn, directly influenced by
the specific mechanism of hadronisation of the charm quark. A complete
characterisation of the near-side peak of the correlation distribution in
the case of charm-quark hadronisation into a D meson has already been
performed by ALICE [27-29], allowing us to evaluate the properties
of charm jets and to validate predictions from Monte Carlo generators
and models. For charm baryons, no corresponding results are currently
available.

In this Letter, the first measurements of the azimuthal correlation
distribution between prompt A} baryons and charged particles in pp
collisions are reported. Prompt A} baryons are defined as those pro-
duced directly in the hadronisation of charm quarks or originating from
the decays of directly-produced excited charm-hadron states, hence ex-
cluding weak decays of beauty hadrons. The study uses a sample of pp
collisions at \/E = 13 TeV, collected with the ALICE detector during
the LHC Run 2. A quantitative estimation of the correlation peak fea-
tures is provided in different transverse-momentum ranges of both A}
baryons and charged particles, focusing in particular on the near-side
peak. The results are compared to previous ALICE measurements of
D-meson azimuthal correlations with charged particles to explore po-
tential differences in the charm hadronisation process associated with
baryon formation. A comparison of the results to predictions from Monte
Carlo generators considering either in-vacuum fragmentation or modi-
fied hadronisation mechanisms is also reported.

The Letter is structured as follows. Section 2 summarises informa-
tion on the ALICE detector, data and Monte Carlo sample exploited for
the study. The analysis procedure is described in Sec. 3. The systematic
uncertainties affecting the measurement are outlined in Sec. 4. A discus-
sion of the results obtained from the measurement is reported in Sec. 5,
and conclusions are provided in Sec. 6.

2. Experimental apparatus and data samples

A comprehensive description of the ALICE detector and its opera-
tional characteristics can be found in Refs. [30,31]. The reconstruction
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of A} baryons and charged particles was carried out using detectors
located in the central barrel, covering a pseudorapidity of |5| < 0.9
and subject to a magnetic field of 0.5 T aligned parallel to the beam
axis. In particular, the Inner Tracking System (ITS) [32] and the Time
Projection Chamber (TPC) [33] were used to reconstruct the tracks of
charged particles. The primary interaction vertex and the decay vertices
of charm hadrons were reconstructed by exploiting the excellent spatial
resolution provided by the ITS. The TPC, in conjunction with the Time-
of-Flight (TOF) detector [34], provided information for charged-particle
identification (PID). Additionally, detectors positioned along the beam-
line, covering forward and backward rapidity, played a crucial role in
the analysis. The VO detector [35] is a set of scintillators covering the
pseudorapidity ranges 2.8 <7 < 5.1 (VOA) and —-3.7 <n < —1.7 (VOC),
used for event triggering and background rejection. The TO detector is
an array of Cherenkov counters, positioned along the beamline, at a dis-
tance of +370 cm (TOA) and —70 ¢cm (TOC) from the nominal interaction
point, which provided the collision starting time used by the TOF [36].

The data sample employed in the analysis comprised proton—proton
(pp) collisions at \/E =13 TeV, recorded in 2016, 2017, and 2018, and
consisting of an integrated luminosity of £;,, =29.2+0.5 nb~!, deter-
mined from the visible cross section measured with the VO detector [37].
The collisions were recorded using a minimum bias (MB) trigger, requir-
ing coincident signals in both the VO scintillators. Background events
arising from interactions between protons in the beam and residual gas
within the beam pipe were removed in the offline processing using the
time information from the VO and the correlation between the num-
ber of hits and the track segments reconstructed in the Silicon Pixel
Detector (SPD), which constitutes the two innermost layers of the ITS.
Furthermore, all events featuring more than one reconstructed primary
vertex with at least five reconstructed tracks associated were eliminated
in order to exclude pileup events within the same bunch crossing. Only
events with a reconstructed primary vertex within +10 cm from the
nominal centre of the ALICE detector along the beam direction were
selected in order to ensure a uniform acceptance of the central-barrel
detectors.

Monte Carlo (MC) samples of pp collisions at the same centre-of-
mass energy were employed for training the machine-learning algorithm
used to discriminate between signal and background A} baryon candi-
dates, as well as for correcting the azimuthal-correlation measurements.
The Monte Carlo samples were produced with the PYTHIA 8.243 event
generator [38], with SoftQCD and using the Monash tune [39], and re-
quiring that each collision contained either a cc or a bb pair. These
simulations include the transport of the produced particles through the
ALICE detector via the GEANT3 package [40], reproducing its complete
geometry, response, and conditions throughout the data acquisition.

3. Analysis strategy

The analysis strategy follows the procedure outlined in previous
studies on angular correlations of D mesons with primary charged par-
ticles [27-29]. The main analysis steps include: (i) selecting A:’ and
charged particles; (ii) evaluating the azimuthal-correlation distribu-
tion and applying corrections for detector-related effects, contamina-
tion from secondary particles, and contribution from beauty feed-down;
(iii) fitting the azimuthal-correlation distribution of A:’ baryons with
charged particles to extract quantitative information on its properties.

3.1. Selection of A} baryons and associated particles

AY baryons, reconstructed from the hadronic decay channel

A — pK~z" in the transverse-momentum interval 3 < p?j < 16
GeV/c, were used, together with their charge conjugates, as trigger par-
ticles in this analysis. The total branching ratio of this channel, consid-
ering both resonant and direct decay channels, is B.R. = (6.24 +0.28)%
[2]. A binary classification approach based on Boosted Decision Trees
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(BDT) algorithms provided by the XGBOOST library [41] was used to
optimally suppress the combinatorial background, enhancing the statis-
tical significance of the signal invariant-mass peak, while keeping the
signal efficiency as high as possible [13]. The algorithm considered topo-
logical variables which exploit the characteristic displacement of the A*
decay vertex with respect to the primary vertex (cz & 60 pm [2]). The
particle-identification information of TPC and TOF on the A} decay
products were also employed. The AT raw yields were extracted with
a fit to the invariant-mass distribution of the selected candidates, per-
formed using a second-order polynomial to describe the background and
a Gaussian function to model the signal peak, as in similar analyses [4].
Such a choice allows for having good quality fits, with y2/ndf values
lying in the range 0.8 — 1.4 depending on the A} transverse-momentum
range.

Associated particles were defined as primary charged particles [42]
(being pions, kaons, protons, electrons, or muons) with transverse mo-
mentum pi¥** > 0.3 GeV/c and pseudorapidity |n| < 0.8. The decay
products of the A} candidates were excluded from the associated-
particle sample. Charged-particle tracks were reconstructed by requiring
a minimum of 70 space points out of 159 in the TPC, 2 out of 6 in the
ITS, and a y2/ndf of the momentum fit in the TPC smaller than 2. Fur-
thermore, tracks were required to have a maximum distance of closest
approach (DCA) to the primary vertex of 1 cm in the transverse (xy)
plane and along the beamline (z direction).

3.2. Construction of the azimuthal-correlation distribution and corrections

The selected A} baryon candidates within +2¢ from the centre
of the invariant-mass signal peak (referred to as the “peak region”)
were correlated with associated particles reconstructed and selected
within the same event (SE). This choice was preferred to the more
common 3o definition to reduce the contribution of the combina-
torial background in the peak region. A two-dimensional angular-
correlation distribution, denoted as Cgg(A@, An)peyy region, Was built for
each kinematic range studied. The resulting angular correlation distri-
bution was corrected for the limited detector acceptance and efficiency
for the reconstruction and selection of A} baryon candidates and asso-
ciated particles. This was done by weighting each correlation pair by
1/(A X €)*%°° x 1/(A X €)'"ie2"  where A and e represent the accep-
tance and efficiency factors of the associated particles and the AY
baryons, respectively, evaluated using Monte Carlo simulations and as-
sumed to be independent of each other. The contribution of background
AY candidates to the correlation distribution was estimated using the
two-dimensional angular-correlation distribution evaluated in the A}
sidebands, Csg(A@, Af)gigepands> considering the A candidates with in-
variant mass M in the range 40 < |M — u| < 8¢ as triggers, with u
being the centre of the invariant-mass signal peak. This contribution was
normalised by a factor By, / Biigebands » Where By, and Bggepangs de-
note the number of A} background candidates in the peak and sideband
regions, respectively. These were evaluated as the integral of the back-
ground component of the fit function to the invariant-mass distribution
in those regions. The subtraction from the signal region correlation dis-
tribution of the normalised sideband distribution was then performed.

A correction for losses due to pair acceptance effects and detec-
tor inhomogeneities was estimated using the mixed-event (ME) tech-
nique. Specifically, mixed-event correlation distributions were built
in the peak region and the sidebands (Cyg(A®, An)peak region and
CuMe(A@, ARgidepands» Tespectively) by correlating Al -trigger candidates
with associated charged particles from other events characterised by
a similar midrapidity event multiplicity and primary vertex location
along the beam axis, and applying the same acceptance and efficiency
weights used for the same-event distributions. After normalising the
CMeE(AQ, Apeak region aNd CyE(A@, A gigepangs distributions to 1 in the
range (A, An) =~ (0,0), the mixed-event correction was applied by di-
viding the same-event correlation distributions by the mixed-event ones.
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To ensure adequate statistical precision for this analysis, the per-
trigger normalised two-dimensional correlation distribution was inte-
grated within the range |Azy| < 1, and the correlation distribution was
restricted to the interval 0 < Ap < 7 by reflecting the original correla-
tion distribution, which covered the range —z/2 < Ap <3z /2, around
the symmetry points Ap =0 and Agp = x.

A correction factor for removing the residual contamination of
non-primary associated particles not rejected by the track selection,
Pprim(A@), was applied differentially in Ag. It was evaluated with Monte
Carlo simulations based on PYTHIA 8 by quantifying the fraction of
primary particles, among all the reconstructed tracks, satisfying the se-
lection criteria, as detailed in [29]. The above procedure is summarised
in the following equation:

~ Pprim(A(p) CsE(A(P, An)
Cinclusive(A(p’ An) =
S Cyme(Ag, An)

peak peak region
Bpa  Csp(Ag,An) ) o
Bsidebands CME(Awa Aﬂ) sidebands ’

where Sp., is the number of triggers in the peak region, evaluated by
integrating in the peak region the Gaussian component of the fit function
applied to the invariant-mass distribution, weighted by 1/(A x e)trigeer,
It provides the per-trigger normalisation of the signal correlation distri-
bution.

A large fraction f,mp Of the reconstructed AY baryons originate
from charm-quark hadronisation or decays of excited open charm or
quarkonium states. The value of f;,mp ranges from 92% to 85%, de-

+

creasing with increasing p/T\c . The remaining A} baryons, known as
feed-down A} baryons, are produced from decays of beauty hadrons.
The feed-down contribution to the measured correlation distribution
was estimated using templates of the azimuthal-correlation distribution
of feed-down A} baryons with charged particles, C‘l\:gj_ down(A®), 0b-
tained with PYTHIA 8 simulations.’

The topological selections applied to the non-prompt A}-baryon
candidates favour specific beauty-hadron decay topologies, where the
AY-baryon and the other decay charged particles are emitted in simi-
lar directions. As a consequence, the shape of the feed-down correlation
contribution present in the data distribution was affected by distortions
at small Ag values compared to the template function evaluated from
the PYTHIA 8 simulations. A correction factor b,;,,(A¢), obtained via
Monte Carlo studies, was applied to the measured correlation distribu-
tion Gy, pusive(A@) to account for such effect, as detailed in Ref. [29].
The feed-down correlation template was then subtracted from the mea-
sured distribution after normalising it by (1 — fpromp), i.€. the fraction of
feed-down AY candidates, evaluated exploiting FONLL calculations for
the beauty-quark production cross section [43-45] and LHCb parton-to-
hadron fragmentation fractions [46].

As recently measured by ALICE [13], a significant fraction (approxi-
mately ~ 38%) of A} baryons originate from the decay of 28’+’++(2455)
baryons. Among these states, the 23’++ (2455) decays into a AY baryon
paired with a low-momentum pion, with a branching ratio of 100% [2].
These low-momentum pions tend to be predominantly aligned with
the direction of the A} baryon, resulting in an enhancement of the
azimuthal correlation distribution around A@ = 0. This contribution,
not related to the charm parton shower and hadronisation, was re-
moved by simulating the ZS’H — Afz™* decay kinematics and com-
puting the azimuthal correlation distribution between their decay prod-

ucts (CMC A@)). These generated templates were then nor-
( (A:,n‘~+)<—28’++( ) 8 P

malised by a factor which accounted for the expected contribution of
Af < Zg’++ in the analysed data sample. Such a factor was evaluated

! For data-to-model comparisons and for getting correction factors that did
not require a simulation of the detector response, PYTHIA 8.304 was used. Here-
after, for brevity, such a version will be referred to as PYTHIA 8.
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from ALICE measurements of feed-down contribution to A} production
from ZS’H [13].

The fully-corrected, per-trigger azimuthal correlation distribution of
prompt Al baryons and charged particles was obtained as summarised
in Eq. (2):

1 dNaSSOC(Aq)) _

N+ dAg
fprompt [bbias(A(p) CN‘inclusive(A(p) -(1- fprompl) éé\é[ecd_down(A(P)] 2)
o(Af < ) AMC (Ap)
6(1\1) (A:’”__+)(_Zg,++ @).

3.3. Extraction of correlation properties

In order to quantify its properties, the A} azimuthal-correlation dis-
tribution was fitted using the following function, already exploited and
motivated in previous D-meson azimuthal correlation studies [29]:

p _ (quffr)z
f(A(P)=b+72YNSXﬁ Xe_<%) +7YAS xe s . 3)
al'(1/h) V2rons

The function is composed of a generalised Gaussian component for the
description of the near-side (“NS”) peak, a Gaussian component for the
away-side (“AS”) peak, and a constant term (baseline, b) to account for
the flat contribution that lies beneath the two correlation peaks. Specif-
ically, the yields of the peaks on the near and away sides (Yyg and Yjg,
respectively) were calculated by integrating the components represent-
ing each correlation peak. The near- and away-side peak widths were
characterised by the parameters a4/I'(3/8)/T'(1/p) (the square root of
the variance of the generalised Gaussian) and o, respectively. To grant
sufficient stability to the fit, the f parameter of the generalised Gaussian
was set to the value obtained by fitting the correlation distribution pre-
dicted by PYTHIA 8 simulations with the CR-BLC Mode 2 tune [21]. The
typical g parameter values varied within the range 0.7 — 1.9, decreas-
ing for increasing Al transverse momentum. The mean values of the
near-side generalised Gaussian and of the away-side Gaussian were also
fixed at A =0 and Ag@ = =, respectively. All the other fit parameters
were kept free. The consistency of the model parameterisation for the f
values was evaluated by employing the Von Mises function [47] as an
alternative to fit the azimuthal correlation distribution. The two fitting
procedures gave compatible results, and the selection of the fit function
in Eq. (3) was motivated by the need for a consistent comparison with
the results from prompt D-meson azimuthal correlation studies [27], as
detailed in Section 5.

4. Systematic uncertainties

The measured azimuthal correlation distribution is affected by sev-
eral systematic uncertainties related to specific steps of the analysis
procedure, or to assumptions introduced for performing the measure-
ment. In this section, the method employed to estimate each source of
systematic uncertainty, using the same strategy discussed in Ref. [27],
is briefly outlined.

A systematic uncertainty arises from the evaluation of S, and
B,,cax from the fit to the A -baryon invariant-mass distributions. It was
assessed by modifying the fitting procedure, including variations of the
background fit function, histogram binning, fit range, and fixing the
Gaussian parameters to the values obtained from Monte Carlo simula-
tions. The resulting uncertainty ranged from 1 to 2% depending on the
pr interval, with no dependence on Ag.

A systematic uncertainty ranging from 0.5 to 2%, depending on the
trigger and the associated particle py, was introduced due to a poten-
tial dependence of the shape of the background correlation distribu-
tion on the invariant-mass value of the trigger A} baryon. This uncer-
tainty was assessed by evaluating the sideband correlation distribution,
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Ciidebands (A@, An), in different invariant-mass ranges with respect to the
default 4-8¢ regions. No azimuthal-angle dependence was observed for
this uncertainty.

The evaluation of the associated-particle reconstruction efficiency
from Monte Carlo simulations introduced an additional systematic un-
certainty, estimated by applying different quality selection criteria on
the sample of reconstructed tracks, such as removing or tightening the
request on the minimum number of ITS clusters, requiring a hit on at
least one of the two SPD layers, or varying the request on the minimum
number of space points reconstructed in the TPC. The uncertainty re-
lated to the ITS-TPC track matching efficiency was considered as well.
An uncertainty of 4% was estimated, with no significant trend in Ag.

A systematic uncertainty affecting the A} reconstruction efficiency,
attributed to possible discrepancies in the distributions of the topolog-
ical variables in Monte Carlo and data, was estimated by repeating the
analysis exploiting a set of tighter and looser scores for the BDT model
used for the selection of A} candidates. An uncertainty ranging from
0.5 to 2% was assigned, depending on the pr interval, with no Ag de-
pendence.

An additional systematic uncertainty is related to the evaluation of
the residual contamination from secondary particles via Monte Carlo
studies. To determine its value, the analysis was repeated by testing
different DCA selections in the xy plane, ranging from 0.1 to 2.4 cm, and
re-evaluating the purity correction of primary tracks for each variation.
This resulted in a maximum, Ag-independent, systematic uncertainty
of 1 to 2% on the azimuthal-correlation distribution.

In addition to the above-mentioned uncertainties, which all affect the
azimuthal correlation distribution as scale factors, some A¢p-dependent
systematic uncertainties are present, related to the feed-down subtrac-
tion procedure and to the removal of the contamination of soft pions
from Z?'H decays.

To assess the uncertainty related to the subtraction of the beauty
feed-down contribution to the measured correlation distribution, differ-
ent tunes of the PYTHIA 8 event generator were used to estimate the cor-
relation distribution of feed-down A} triggers. In addition, fjomp Was
varied following the procedure described in Ref. [3]. A Agp-dependent
and asymmetric uncertainty was obtained, reaching a maximum of 5%
in the near-side peak region and decreasing to 0 in the region outside the
correlation peaks. Moreover, a Ag-dependent symmetric uncertainty on
the by;,(Ap) was considered, to take into account a possible over- or
underestimation of that correction factor, as detailed in [29]. This un-
certainty reached a maximum of 2% for A¢ = 0.

The subtraction procedure of soft pions produced in ES’H = Afz—+

decays relies on the measured fraction of A} produced from 22’“ de-
cays, which is affected by statistical and systematic uncertainties [13].
The subtraction procedure was repeated by shifting by +16,, the value
of such a fraction, and the resulting systematic uncertainty was quanti-
fied based on the impact on the corrected azimuthal correlation distri-
butions. A maximum value of 0.5% for A@ ~ 0 was obtained.

The systematic uncertainty values from the mentioned sources im-
pacting the azimuthal correlation distribution are summarised in Ta-
ble 1. The total systematic uncertainty for each A¢ bin in the correla-
tion distribution was derived by summing the contributions mentioned
above in quadrature.

The systematic uncertainties impacting the near- and away-side peak
observables, i.e. peak yields and widths, were assessed based on the
following contributions: (i) the total A@-independent systematic uncer-
tainty, which affects the correlation distribution as a scale factor, and
hence impacts the near- and away-side peak yield values by the same
relative amount; (ii) the Agp-dependent uncertainty on the correlation
distribution, whose impact on the peak observables was addressed by
repeating the fits after shifting all the points of the correlation distri-
bution upwards and downwards by lo; (iii) the uncertainty related to
the fit configuration, in particular on the choice of the baseline value
and of the generalised Gaussian f parameter. The impact of this uncer-
tainty was evaluated by repeating the fit after determining the baseline
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Table 1

Systematic uncertainty contributions influencing the azimuthal
correlation distribution along with their typical values. If not
specified, the uncertainties do not depend on Ag.

Source Uncertainty
Yield extraction 1-2%
Background A distribution 0.5-2%

Associated-track reconstruction efficiency 4%

A}-baryon reconstruction efficiency 0.5-2%
Primary-particle purity 1-2%

Feed-down subtraction <5%, Agp-dependent
Selection bias for feed-down contribution <2%, A@-dependent
Soft-pion subtraction <0.5%, Agp-dependent

position using alternative A¢ ranges, as well as leaving the f parame-
ter free, and calculating the root-mean-square of the peak observables
evaluated from the variations. Among the above uncertainty sources,
the choice of the baseline value represents the dominant contribution to
the peak-observable uncertainties. The overall systematic uncertainty
on the peak yields was determined by summing in quadrature the con-
tributions from (i), (ii), and (iii). For the widths, being insensitive to
scale factors, only the sum in quadrature of the contributions from (ii)
and (iii) was considered. The ranges of the overall systematic uncertain-
ties on these observables are 8-29% for the near-side yields, 6-30% for
the near-side widths, and 12-54% for the away-side yields, depending
on the transverse momentum range. In the calculation of the ratios of
the A} baryons and D mesons associated yields and widths, the men-
tioned uncertainties were propagated as uncorrelated with the exception
of those related to the tracking efficiency of the associated particles and
to the beauty feed-down subtraction. The former was assumed to be
fully correlated and cancels out in the ratios; for the latter, for each
observable, the ratio was recalculated varying coherently the assump-
tions involved in the feed-down subtraction for both A} baryons and
D mesons azimuthal correlation functions and the uncertainty was esti-
mated from the envelope of the values obtained.

5. Results

The azimuthal correlation distributions of A} baryons with charged
particles in pp collisions at \/E = 13 TeV were measured for the three

. AF AF
A:f—baryon pr intervals 3 < pp° <5 GeV/e, 5<pf <8 GeV/e, and

;
8 < p?“ < 16 GeV/c as well as for the associated-particle p; ranges
PP > 0.3 GeV/c, and its sub-intervals 0.3 < p{™* < 1 GeV/c and
pf}ss"c > 1 GeV/c.

5.1. Analysis results and comparison with D-meson and charged particle
correlations

The correlation distributions of A} baryons and charged particles
are compared to the results obtained considering the average of D°, D*,
and D** mesons as triggers [27] after the subtraction of the baseline,
whose values were found to be consistent between the two trigger-
particle cases for all the studied py intervals. This allows for quantifying
possible differences in the correlation peak features related to the dif-
ferent hadronisation of the charm quark into baryons and mesons. The
comparison of the baseline-subtracted correlation distributions for a se-
lection of the studied transverse momentum intervals is presented in
Fig. 1. Because of the smaller AY signal, the reduced reconstruction ef-
ficiency and the larger combinatorial background under the invariant
mass peaks with respect to the D-meson analyses, the baryon measure-
ments are affected by larger point-by-point statistical fluctuations. The
shape of the angular correlation distribution between AY and charged
particles points toward a difference compared to the correlation be-
tween D mesons and charged particles in some pr regions probed by
the measurement. More specifically, indications of a larger amount of
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correlation pairs emerge in both near- and away-side correlation peaks

in the transverse momentum interval 3 < p/T\:r <5 GeV/c, and for as-
sociated particles in 0.3 < pJ™**° <1 GeV/c. For more energetic charm
hadrons, starting from trigger-particle pr > 5 GeV/c, the agreement be-
tween the angular distributions of the two charm hadrons is significantly
improved and the correlation functions are found to be compatible. At
high associated-particle pr, the azimuthal correlation distribution of the
two charm hadrons exhibits a similar shape, despite hints of a tension
being present in the peak regions, in particular for the near-side.

From the fit to the Azf azimuthal correlation distributions, more
quantitative insights can be gained into the evolution of the correla-
tion peak features as a function of the transverse momentum of the
trigger and the associated particles. In Fig. 2, the near-side yields and
widths are compared to the corresponding values for D-meson correla-
tion distributions [27]. In the near-side region, this comparison suggests
a larger associated peak yield for A}-triggered correlations compared
to D—mesgn results in the charm-hadron transverse momentum interval
3< p?’AC < 5 GeV/c. This effect appears to be more pronounced for
associated particles with transverse momentum 0.3 < pi¥*>° <1 GeV/c,
where a deviation of 2.7¢ is observed, and also appears when consider-

ing the p*°° > 0.3 GeV/c range to which the associated particles in the
. . . LAY
0.3 < p¥*°° < 1 GeV/c range give a large contribution for this p..° inter-

val. This difference is not present for higher p7*** values. For increasing

charm-hadron transverse momentum, i.e. p[T)'AC+ > 5 GeV/c, the near-
side yields values from the azimuthal correlation distributions of A}
baryons with charged particles are compatible with those of D-mesons in
the pi¥*°° > 0.3 GeV/c range. Considering the two associated-particle pp
ranges 0.3 < pi¥*° < 1 GeV/c and pT**° > 1 GeV/c, some point-by-point
differences are present in the yield values, but they are not statistically
significant and do not show systematic trends with the current uncer-

o D,AY . .
tainties. For 3<p’ ° <5 GeV/c the values of the near-side widths for
the Af- and D meson-triggered correlations are observed to be similar

D, AT .
for all the three pf‘r“oc intervals, while for p.” © > 5 GeV/c a statistically

significant sharpening of the near-side peak beyond the 99% confidence
level for p3™**° > 0.3 GeV/c, is observed.

The hint of larger associated peak yields at low pr for the
AY-triggered correlations compared to D-meson-triggered correlations,
and similar baseline values among the two cases, is particularly rele-
vant in connection with the ALICE measurement of A}/ D° production
yield ratios as a function of the event multiplicity in pp collisions at
\/E = 13 TeV [4]. In that case, larger values of the baryon-to-meson
ratio were observed for 2 < pp < 12 GeV/c in collisions with higher
charged-particle multiplicity. In a scenario where charm-jet fragmenta-
tion and soft-particle production are considered uncorrelated, the above
observation from the comparison of the baseline and near-side yield val-
ues may suggest that the measured increase of Af/ DY yield ratio with
multiplicity could be related to an increased production of associated
particles in the jets containing a AY, rather than to a higher probabil-
ity of forming a A} in events with a larger multiplicity of uncorrelated
particles.

Albeit having a looser connection with charm fragmentation and
hadronisation than the near-side, the away-side region could retain in-
formation on the fragmentation of the recoil parton and provide ad-
ditional constraints for the interpretation of the charm shower in the
near-side. The away-side peak yields, shown in Fig. 3, are characterised
by larger statistical and systematic uncertainties compared to the near-
side yields. In correlations of A} baryons with charged particles, larger
values of the away-side yields with respect to those of D mesons are
generally obtained for the kinematic intervals studied. Similarly to the

near-side case, the largest difference is observed for 3 < p;\: <5 GeV/e.
An increased production of low-transverse momentum associated par-
ticles, both collimated with the trigger A} baryon and in the opposite
azimuthal direction, could be explained by a possible softer fragmen-
tation of the charm quark when hadronising into a A} baryon rather
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Fig. 1. Examples of azimuthal-correlation distributions of A}-baryons with associated particles (red markers) after the baseline subtraction in pp collisions at
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and pi*® > 1 GeV/c (from left to right). Statistical and Ag-dependent systematic uncertainties are shown as vertical error bars and boxes, respectively, and
Ag-independent uncertainties are written as text. The uncertainties from the subtraction of the baseline are displayed as boxes at Ap > 7.
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Fig. 2. Near-side peak yields (first row) and widths (third row) obtained from the fit to the azimuthal correlation distributions of A: with charged particles after the

baseline subtraction in pp collisions at \/E =13 TeV. The measurements are compared to D-meson average results by ALICE in the same collision system [27]. The
ratios of A-baryon to D-meson near-side peak observables are shown in the second and fourth rows for yields and widths, respectively.

than a D meson. This is supported by measurements of the longitudi-
nal momentum fraction of A} baryons reconstructed in jets [25]. More
specifically, a softer fragmentation would imply that, on average, the

original charm quark retains a smaller fraction of its initial energy,
leaving more phase space for the production of additional charged par-
ticles in the near-side region. Furthermore, a larger initial energy of the
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Fig. 3. Away-side peak yields (first row) obtained from the fit to the azimuthal correlation distributions of A} and charged particles after the baseline subtraction in

pp collisions at \/E = 13 TeV. The measurements are compared to D-meson average results by ALICE in the same collision system [27]. The ratios of A-baryon to

D-meson away-side peak yields are shown in the second row.

charm quark typically corresponds to a larger Q2 of the hard-parton
scattering process. This, in turn, would on average lead to an increased
energy of the other (anti)charm quark produced in the scattering, po-
tentially enhancing particle production on the away-side as well, as also
observed from PYTHIA 8 predictions. No comparison of the away-side
peak widths between A} -triggered and D-meson-triggered correlation
measurements is reported, as the large uncertainties affecting the mea-
surement of this observable prevent drawing significant conclusions.

5.2. Comparison with model predictions

The peak properties of the A} charged particle azimuthal correla-
tion distributions were also compared to the state-of-the-art Monte Carlo
simulations and model predictions, which include different treatments
for the charm-quark parton showering process and hadronisation mech-
anisms. Among the available predictions, of particular interest were
those succeeding in the description of the charm A}/ DY ratios measured
by ALICE [10,13]. In particular, predictions from the PYTHIA 8 simu-
lations including colour reconnection mechanisms beyond the leading-
colour approximation (CR-BLC) [21] are considered, which include new
colour-junction topologies which lead to baryon formation more fre-
quently, thus increasing the production of A} baryons. The three exist-
ing CR-BLC configurations of PYTHIA 8 provide very similar predictions
for the azimuthal-correlation distributions of Al baryons and charged
particles. For this reason, only the predictions from the mode 2, advised
by the authors as the default CR-BLC tune, are included in the compar-
ison with the measurements. This choice also ensures consistency with
the data-to-model comparison reported in Ref. [25] for the measurement
of charm-tagged jets.

The PYTHIA 8 predictions with the Monash tune [38], where the
quark fragmentation is tuned on e*e~ and ep measurements, and the
POWHEG+PYTHIA 8 [48,49] predictions, based on NLO hard scattering
matrix elements, are also included in the comparison. The expectations
from the JETSCAPE model, with Hybrid hadronisation [50,51], are also
considered. They include the possibility of baryon formation via quark
coalescence in addition to the vacuum fragmentation as implemented in
the PYTHIA 8 framework. Using the same kinematic prescriptions and
considering the same associated particle species as for the data analysis,
the model predictions for the correlation peak observables were extrapo-
lated by fitting the simulated correlation distribution with Eq. (3), where
the f parameter was left unconstrained, and the baseline was computed
as the minimum of the correlation distributions. In order to include the
uncertainty on the peak observables originated by the baseline defini-
tion, a systematic uncertainty was computed by fixing the baseline as

the weighted average of the two lowest points of the azimuthal correla-
tion function and propagated to the final observables.

The near-side peak observable evolution with increasing transverse
momentum of the A} particle for the various models is illustrated in
Fig. 4 and compared to data results, for the p7**°° > 0.3 GeV/c interval
and in the two sub-intervals studied. The first row shows the measured
yield values, while the second row shows the ratios of model predic-
tions for the yields with respect to data. In the ratios, the statistical and
systematic uncertainties affecting the models are shown as error bars
and boxes, respectively, while the data statistical and systematic un-
certainties are summed in quadrature, and represented as a solid grey
band. The comparison points toward an underestimation of the mea-
sured near-side yields by all the model predictions for low-momentum
A7 -baryons and associated particles in 0.3 < PP < 1.0 GeV/e. A
generally better description is provided by the models starting from
p?i > 5 GeV/c for p%ss"c > 0.3 GeV/c, although some tensions are ob-
served for the breakdown into the two associated-particle transverse
momentum intervals 0.3 < p%ss"c < 1.0 GeV/c and p%“"c > 1.0 GeV/c,
with the models providing 50% lower yields on average at high-p?C+
and small p7™°°. All the model predictions are characterised by an in-
creasing trend of the near-side yield with the trigger-particle transverse-
momentum. For all the kinematic regions, PYTHIA 8 Monash tune and
POWHEG+PYTHIA 8 yield expectations are lower compared to other
models, with POWHEG+PYTHIA 8 providing slightly larger yields with
increasing A} -baryon energy, as already observed in D-meson measure-
ments. The largest near-side yield values are given by the PYTHIA 8
with CR-BLC mode 2 tune. The JETSCAPE model with hybrid hadroni-

sation shows a different trend: while at low-pf compatible values are
obtained with the expectations of the PYTHIA 8 with CR-BLC tune, with
increasing pr of the trigger particle a milder increase of the near-side
yields is observed for JETSCAPE. This leads to a smaller associated yield
of charm-jet and an increased difference between the two models. The
results from JETSCAPE allow us to obtain some indications of the pos-
sible contribution of the coalescence hadronisation mechanism to the
tension between A}- and D-meson-triggered correlations. In general,
the momentum of a charm baryon produced by coalescence is expected
to be larger than that of a baryon from the fragmentation of a charm
quark with the same energy. Therefore, for a given A transverse mo-
mentum, in the coalescence scenario, the near-side peak yield would
correspond to that produced by a lower-energy charm quark, and would
thus be reduced. In addition, this mechanism foresees the presence of
light-flavour quarks to combine with the charm quark to form the final
charm-baryon state, therefore preventing those quarks from forming ad-
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Fig. 4. Near-side peak yields (first row) and widths (third row) from the fit to the A:-charged particle azimuthal correlation distributions after the baseline subtraction,
compared to simulations from PYTHIA 8 with Monash tune [38], POWHEG+PYTHIA 8 [48,49], PYTHIA 8 with CR-BLC mode 2 [21], and JETSCAPE with hybrid
hadronisation [50,51]. The ratios of model predictions to data measurements for the yield (width) values are shown in the second (fourth) row. In these rows, model
statistical and systematic uncertainties are shown as vertical error bars and boxes, respectively, while data total uncertainties are displayed as a solid grey band.

ditional associated particles. If the coalescence occurs with light quarks
that would otherwise produce particles entering the charm-jet cone, this
might also result in a reduction of the near-side peak yield. On the other
hand, the charm jet might be affected by the coalescence of the partons
produced in the charm showering with nearby partons emerging from
the underlying event, making it broader and more energetic. Predic-
tions by JETSCAPE with hybrid hadronisation seem to disfavour sizeable
effects of coalescence on the correlation distributions. Further compar-
isons with other models that include hadronisation via coalescence and
that can also reproduce the baryon-to-meson production cross section
ratio [10,12], such as Catania [23] and QCM [22], could provide addi-
tional insights on this topic.

The third row of Fig. 4 shows the measured near-side width val-
ues, while the fourth row shows the ratios of model predictions for the
widths with respect to data. This observable is not described properly by

+
the models: while for 3 < p/T\C <5 GeV/c the agreement with the mea-

surement is satisfactory, for larger values of p;\: all the models tend to
overestimate the width values. Two separate trends can be highlighted
among the model predictions: while PYTHIA 8 with CR-BLC mode 2 tune
and JETSCAPE foresee a flatter dependence of widths as a function of the

"
trigger pr, with hints of a decreasing trend for increasing p?“ , PYTHIA 8
with Monash tune and POWHEG+PYTHIA 8 hint towards larger widths
with increasing momentum of the A7.

Concerning the model description of the away-side peak yields,
shown in Fig. 5, similar conclusions can be drawn to those for the
near-side peak. The trigger and associated particle low-momentum re-
gion appears to be underestimated, though data uncertainties are larger,

while for larger p?g a qualitatively good agreement within uncertain-
ties is observed between data and predictions. It is interesting to observe
that a reversed hierarchy characterises the away-side description. The
PYTHIA 8 with CR-BLC mode 2 tune predicts the smallest yields, com-
patible also with the JETSCAPE model, closely followed by PYTHIA 8
with Monash tune and POWHEG+PYTHIA 8.

It is worth noting that while PYTHIA 8 (for all the tunes considered)
and POWHEG++PYTHIA 8 predictions describe the peak properties of the
azimuthal correlations of D mesons with charged particles at midrapid-
ity [27] within uncertainties, the same models are not able to provide
an accurate description of the A} -charged particle correlation measure-
ments, at least for the low-momentum range.

5.3. PYTHIA 8 predictions with additional charm-baryon resonant states

The presence of an additional contribution to A} production yields
from the decay of heavier and yet-unobserved charm-baryon resonant
states, as predicted by the SHM+RQM model [24], is one of the pro-
posed explanations for the enhancement in A /D production yield
ratio observed at low and intermediate p in pp collisions with respect
to e*e™ [5]. In order to probe modifications to the A} -charged particle
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Fig. 5. Away-side peak yields (first row) from the fit to the A}-charged particle azimuthal-correlation distributions after the baseline subtraction, compared to
simulations from PYTHIA 8 with Monash tune [38], POWHEG+PYTHIA 8 [48,49], PYTHIA 8 with CR-BLC mode 2 [21], and JETSCAPE with hybrid hadronisation [50,
51]. The ratios of model predictions to data measurements for yield values are shown in the second row. In this row, model statistical and systematic uncertainties
are shown as vertical error bars and boxes, respectively, while data total uncertainties are displayed as a solid grey band.

correlation shape induced by this possible additional charm feed-down
contribution, a dedicated model based on PYTHIA 8 simulations was
developed, by taking into account the decay kinematics of a given set
of charm-baryon resonant states decaying into A and charged parti-
cles, and by evaluating the angular separation between the A} and the
other decay products. As it was done in the SHM+RQM model for es-
timating the A: production cross section [24], the decay simulation
was performed considering “average” baryon states, each of them ag-
gregating all the states with different spin values of the same particle
species (A:, Y., 2., and Q). Additionally, because no precise pre-
scriptions are available about the decay chain of such states, the decay
channels and the branching ratios of the average baryon states were
modelled on the observed decays of the corresponding ground-state
charm-baryon measured decay channels. The decays of the resonant
states were handled by the PYTHIA 8 Monte Carlo generator. For each
transverse momentum interval and for each additional charm-baryon
resonant state defined, the resulting azimuthal correlations between the
feed-down A} and the other charged particles produced by the decay
of the charm-baryon resonance were evaluated. To properly account for
the SHM expected resonance pr spectrum, the per-trigger AY-charged
particle correlation distributions from the additional SHM+RQM states
were corrected by a factor including a modified fragmentation func-
tion of charm quarks in these states depending on their mass, as de-
scribed in [24]. The azimuthal correlation templates from the decay of
each of the additional states were also reweighted to the expected frac-
tion of feed-down A yield from that state, with respect to the total
amount of produced A}. Similarly, the azimuthal correlation templates
of prompt A} with charged particles were also scaled to the yields ex-
pected from SHM+RQM. Finally, the per-trigger reweighted A} -charged
particle distributions from the decay of the SHM+RQM average states
were summed to the per-trigger azimuthal correlation distributions be-
tween A} and other charged particles generated with the PYTHIA 8,
Monash tune. This model, called PYTHIA 8 Monash+Reso, simulates the
feed-down contribution from the augmented charm-baryon states only
for the trigger A} baryons, while the fragmentation and hadronisation of
the other charm quark are left unchanged with respect to PYTHIA 8 with
the Monash tune. An example of the azimuthal correlation template in-
cluding the charm feed-down A} contribution is shown in the left plot of

At
Fig. 6 for 3 < p.© <5 GeV/c and for 0.3 < pf¥*°° < 1 GeV/c. Compared to
standard PYTHIA 8 predictions with Monash tune, a slightly enhanced
production of associated particles in the near-side region is obtained,

as most of the charged particles produced from the charm-baryon reso-
nances are collinear to the feed-down A} baryon. The small amount of
the resonance-decay associated tracks produced with larger opening an-
gles with the direction of the trigger AT also induces a mild increase of
the baseline level, resulting in turn in a decrease of the away-side peak

height. The near-side yield trend as a function of p/T\;r for the same asso-
ciated particle transverse momentum region is shown in Fig. 6 (right).
A near-side yield increase between 30% and 40% is measured with re-
spect to the standard PYTHIA 8 with Monash tune predictions, in every

p?g interval. Despite this increase, the PYTHIA 8 Monash+Reso pre-
dictions are not able to describe the large near-side yield measured at
small transverse momentum of the A}. This tends to rule out the pres-
ence of additional charm baryon states as the only effect responsible for
the large value of the yields observed in data.

6. Conclusions

The azimuthal correlation distributions between Al baryons and
charged particles were measured and studied for the first time in pp col-
lisions at \/E = 13 TeV. The correlation pattern, parametrised in terms
of near- and away-side peak associated yields and widths via a fit to the
correlation distribution, is sensitive to charm fragmentation and hadro-
nisation. .

In the interval 3 < p/T\C <5 GeV/c, the associated yield in the near-
side peak tends to be higher than that of D mesons correlations with
charged particles, albeit with a limited statistical significance of 2.7¢.
With increasing transverse momentum of the trigger baryon a better
agreement is found between the two measurements, pointing towards
more similar properties between charm jets containing a A} baryon and
those containing a D meson.

The measurement presented in this paper provides interesting in-
sights into the charm-quark fragmentation in baryons through azimuthal
correlation distributions, by exposing limitations of the state-of-the-art
models that are able to describe the production yield ratios to mesons.
Models that implement different hadronisation mechanisms tend to un-
derestimate the measured near- and away-side peak yields for the low-
momentum kinematic reglons although they qualitatively reproduce

the yield values for pTC > 5 GeV/c. This consideration also holds for
a PYTHIA 8 tune implementing colour-reconnection mechanisms be-
yond the leading colour approximation, although this model is able to
reproduce the A -baryon to D-meson production yield ratio within un-
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Fig. 6. Left: comparison between the measured A}-charged particle azimuthal correlation function and the Monte Carlo correlation templates obtained from PYTHIA 8,

Monash tune and by including SHM+RQM charm baryon states (see text for details) for 3 < pT <5GeV/c and for 0.3 < p{**° < 1 GeV/c. Right: the near-side yields

from data compared to the same model predictions for 0.3 < p{™*° < 1 GeV/c.

certainties. The potential contribution of yet unobserved heavier charm-
baryon states, predicted by the RQM model, to the azimuthal correlation
distributions, was tested by simulating their decay in PYTHIA 8. The ad-
dition of this contribution to the PYTHIAS8 predlctlons does not explain

the tension between the model and data at low pT The JETSCAPE
model including hybrid hadronisation, where baryon formation is im-
plemented as an interplay of fragmentation and coalescence, provides
similar tensions to data as the other models.

The larger data sample and the expected improved performance for
tracking and vertexing capabilities of the upgraded ALICE detector in
Run 3 will grant significantly smaller uncertainties in future measure-
ments. They could aid in better addressing the properties of the charm
fragmentation and hadronisation in jets. This will shed further light on
the role of possible different hadronisation processes such as coalescence
into charm hadronisation into baryons and on the magnitude of their ef-
fect on the correlation patterns and charm-jet shape.
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