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ABSTRACT: The first measurement at midrapidity (|y| < 0.5) of the production yield of

the strange-charm baryons ZF and Z¥ as a function of transverse momentum (pr) in dif-
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ferent charged-particle multiplicity classes in proton-proton collisions at /s = 13 TeV with
the ALICE experiment at the LHC is reported. The =F baryon is reconstructed via the
EF — Z-atat decay channel in the range 4 < pr < 12GeV/c, while the ZY baryon is
reconstructed via both the Z0 — Z~7+ and 2 — Z-et1, decay channels in the range
2 < pr < 12GeV/c. The baryon-to-meson (Z0F /DY) and the baryon-to-baryon (Z22F /A7)
production yield ratios show no significant dependence on multiplicity. In addition, the
observed yield ratios are not described by theoretical predictions that model charm-quark
fragmentation based on measurements at ete™ and e p colliders, indicating differences in
the charm-baryon production mechanism in pp collisions. A comparison with different event
generators and tunings, including different modelling of the hadronisation process, is also
discussed. Moreover, the branching-fraction ratio of BR(Z? — =~ e v,)/BR(Z? — == 771) is
measured as 0.825 4 0.094 (stat.) £ 0.081 (syst.). This value supersedes the previous ALICE

measurement, improving the statistical precision by a factor of 1.6.
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1 Introduction

Heavy quarks, such as charm and beauty, are produced in hard-scattering processes occurring
in the early stages of ultrarelativistic proton-proton (pp) collisions at the LHC. Therefore,
measuring the production of hadrons containing at least one heavy quark provides a crucial
test of perturbative Quantum Chromodynamics (pQCD) calculations. The production cross
section of heavy-flavour hadrons, generally computed using a factorisation approach, is
calculated as the convolution of three factors [1]: i) the Parton Distribution Functions (PDFs),
which describe the probability distribution of finding quarks or gluons inside the incoming
proton with a given fraction of the proton momentum; ii) the hard-scattering cross section at
the partonic level, which governs the interaction between partons leading to the production
of heavy quarks; and iii) the fragmentation functions, which model the transition of the
heavy quark into a heavy-flavour hadron carrying a fraction of the quark momentum. The
fragmentation functions cannot be computed using the pQCD approach. They are typically
constrained by measurements in ete™ or e p collisions [2], assuming universal hadronisation.
Measurements of heavy-flavour hadron production in pp collisions provide the essential
ingredients for testing the universality of heavy-quark fragmentation functions, and ultimately
the heavy-quark hadronisation process. The production yield ratios of different hadron species
are an especially sensitive tool to investigate hadronisation mechanisms since the PDFs and
partonic scattering cross sections are universal across all charm hadrons.

Extensive measurements of charm-hadron production including charm mesons: DY,
D*, D, D**, DJ;(2536), D% (2573) [3-10], and charm baryons: AF, X%++(2455), Z%+,
00 [11-19], have been performed in pp collisions at the LHC [20]. The measurements of
charm-meson production cross sections at midrapidity in pp collisions are well described over
a wide range of transverse momentum (pr) with respect to the beam axis, by perturbative
calculations at next-to-leading order with next-to-leading-log resummation, such as the



general-mass variable-flavour-number scheme (GM-VFENS [21-23]) and the fixed-order plus
next-to-leading-log (FONLL [24, 25]) frameworks. Both calculations use fragmentation
functions tuned on measurements in ete~ and e p collisions [2]. However, these models
significantly underestimate charm-baryon production in pp collisions [3, 13]. Also, the
measurements of the AF /DY baryon-to-meson production yield ratio in pp collisions at
Vs = 5.02, 7, and 13 TeV [3, 12, 16] show a strong pr dependence, with a significant
enhancement at 1 < pr <8 GeV/c, compared to the results obtained in ete™ and e p
collisions [2]. This enhancement also deviates from the predictions of event generators tuned
to reproduce the results in ete™ collisions, such as PYTHIA 8 with the Monash tune [26]. A
similar deviation between pp and eTe™ collisions has been reported also for the beauty-quark
baryon-to-meson production ratio, suggesting that the observed difference is not limited
to the charm sector [27, 28]. These observations question the assumed universality of the
charm-quark hadronisation process across different collision systems and suggest that the
‘in-vacuum’ string fragmentation alone fails to describe heavy-flavour baryon production in
hadronic collisions. Recent ALICE measurements on charm fragmentation fractions in pp
collisions at /s = 5.02 and 13 TeV [11, 29] also support this conclusion.

The A} /D production ratio in pp collisions is well described by effective model calcula-
tions and event generators implementing different hadronisation mechanisms: i) a tune of the
PYTHIA 8 event generator with colour reconnection beyond the leading-colour approximation
(CR-BLC [30]), in which baryon production is enhanced by the introduction of new topolo-
gies for colour reconnection mechanisms as the junctions; ii) the Statistical Hadronisation
Model (SHM) including higher-mass excited charm baryon states, which are predicted by
the Relativistic Quark Model (RQM) [31] but have not yet been experimentally measured.
The model replaces the complexity of the hadronisation process with thermo-statistical
weights governed by the masses of available hadron states at a universal hadronisation
temperature; and iii) models assuming a charm quark hadronisation via coalescence with
other quarks produced in the collision, such as Catania [32, 33], Quark Combination Mode
(QCM) [34], and POWLANG [35]. However, unlike the measurements of the A} /D° and
»0++(2455) /DO ratios [16] that are both described by such models within the measured
uncertainties, the production ratios for strange-charm baryons, such as 2%+ /D% and Q%/DO,
are not well described by these models [17, 19]. Studying charm-hadron production as a
function of charged-particle multiplicity in pp collisions can extend the knowledge about how
the charm-quark hadronisation mechanism evolves from low to high particle densities. Recent
results of multiplicity-dependent A} /D production ratios in pp collisions [36] exhibit an
increasing charm baryon-to-meson ratio with an increasing charged-particle multiplicity in
the intermediate pr region (2 < pp < 12 GeV/c). However, at the same time, no significant
multiplicity dependence is observed for the pp-integrated yields within the current uncertain-
ties. This weak multiplicity dependence of the pr-integrated AF /D ratio is similar to that
of A/ Kg [37]. Interestingly, a clear multiplicity dependence is observed in the multi-strange
baryon-to-meson production yield ratios =~/ Kg and 0~/ Kg. One possible explanation in
the context of the Canonical Statistical Model (CSM) [38] is that moving from pp to Pb-Pb
collisions the system volume increases, which gradually removes the canonical suppression
associated with an exact charge conservation in pp collisions, leading to a global charge
conservation in Pb-Pb collisions. Therefore, measurements of strange-charm baryon produc-



Decay channel | BR (%) Decay channel | BR (%)

EF 5 EZ atat | 286+ 1.21 £0.38 [39] | B — Arx~ 99.9 + 0.04 [40]
20 =gt 1.43 + 0.27 [40] A = pr~ 64.1 + 0.5 [40]

2 E"eTrve | 1.04 £ 0.24 [40] - _

Table 1. The branching ratios for the relevant decay channels.

tion in various multiplicity classes will offer key insights into hadron production mechanisms
and their evolution with multiplicity density.

This article reports the pp-differential production yields of prompt ZF and Eg baryons —
produced either directly from a charm-quark hadronisation or from strong decays of excited
charm-hadron states — measured in pp collisions at /s = 13 TeV at midrapidity (|y| < 0.5),
in intervals of charged-particle multiplicity. The ZF baryon is reconstructed via the decay
channel ZF — Z- 77 (and charge conjugates), in the interval 4 <pr <12 GeV/c while the
= baryon is reconstructed via the decay channels Z0 — Z~e*1, and 20 — =~ 71 (and charge
conjugates) in the interval 2 < pp <12 GeV/c. The relevant branching ratios are summarised
in table 1. The pp-dependent Z%F /AT and Z%% /DP production yield ratios are also reported.
In addition, the branching fraction ratio BR(Z? — Z~e*v,)/BR(E? — =~ 7") is measured
with improved precision compared to previous results [17], thanks to the increased statistics.

This article is organised as follows: section 2 describes the experimental setup and the
multiplicity determination, section 3 explains the analysis details, section 4 discusses the
estimation of the systematic uncertainties, section 5 presents the results and comparisons
to the model calculations, and section 6 concludes with a summary.

2 Experimental apparatus and data sample

Detailed descriptions of the ALICE apparatus and its LHC Run 2 performance are provided
in refs. [41, 42]. In this section, the main detectors used for the analyses discussed in this
article are briefly described. The central barrel detectors are located inside a cylindrical
solenoid magnet, providing a magnetic field along the beam direction with a field strength of
0.5T. The central barrel detectors, which cover the pseudorapidity interval |n| < 0.9, are the
Inner Tracking System (ITS), the Time Projection Chamber (TPC), and the Time-Of-Flight
(TOF) detectors, in order of radial distance from the beam axis. At midrapidity, the ITS
and TPC provide track and vertex reconstruction. The TPC and TOF are used for particle
identification (PID). At forward rapidity, the VO detector assembly provides multiplicity
estimation and triggering, with the VOA and VOC sub-detectors covering the pseudorapidity
ranges 2.8 < n < 5.1 and —3.7 < n < —1.7, respectively.

The data samples collected during the LHC Run 2 (2016, 2017, and 2018) from pp
collisions at a centre-of-mass energy of /s = 13 TeV were used. During the data taking, two
trigger conditions based on the signal amplitude recorded in the VO detector were used. The
minimum-bias (MB) trigger requires coincident signals in VOA and VOC at the same proton
bunch crossing time. To enhance the selection of high-multiplicity events, a dedicated trigger,
called the High Multiplicity VO trigger (HMVO0) was used. The HMVO trigger condition



L. ) Trigger efficiency | Multiplicity class
Description Trigger gg(Etrigger> Y (p\I;)OM [;O]) (dNen/ dT7>|77| <05
INEL > 0 MB 0.920 + 0.003 [0, 100] 6.93 + 0.09
High multiplicity HMVO | 1 (negl. unc.) [0, 0.1] 31.53 + 0.38
Intermediate multiplicity | MB 0.997 + 0.001 [0.1, 30] 13.81 £ 0.14
Low multiplicity MB 0.897 + 0.013 [30, 100] 4.41 + 0.05

Table 2. Multiplicity classes based on pyon percentile and the corresponding (d Ny, /dn) [36, 43].

In|<0.5

is satisfied if the sum of signal amplitude in VOA and VOC (denoted as VOM) is 5 times
larger than the mean value in MB-triggered samples [36]. The trigger efficiencies are reported
in table 2, as estimated in ref. [43].

Further offline event selections were applied to remove the contamination from beam-gas
collisions and other machine-related backgrounds. These selection criteria were based on
the signals from the V0 detector and the two innermost layers of the ITS, which constitute
the Silicon Pixel Detector (SPD). Only events with a primary vertex within £10 cm of
the nominal interaction point along the beam axis were selected. Moreover, events with
multiple reconstructed primary vertices in the same proton bunch crossing (pile-up events)
were excluded. In addition, a condition that requires at least one charged particle produced
within the interval |n| < 1 (denoted as INEL > 0) was applied to reject diffractive interactions.
The events satisfying the aforementioned conditions account for about 75% of the total
inelastic cross section [43, 44]. After the selections, the integrated luminosity of the analysed
data sample was about Li; ~ 32 nb~! for the MB trigger and Ly ~ 7.7 pb_1 for the
HMVO trigger [36].

The INEL > 0 events were categorised into three classes based on the charged-particle
multiplicity, which was estimated from the percentile distribution of VOM (pyon). Note
that a small (large) value of pygy corresponds to high (low) charged-particle multiplicity.
The pyon intervals were converted to the average charged-particle multiplicity in |n| < 0.5
((dNeh/dn) ;1 <0.5), as explained in refs. [36, 43]. In table 2, the event classes and corresponding

pyoum intervals, along with the (AN, /dn) 5 values, are summarised. The high-multiplicity

|n|<O0.
(0-0.1%) events were collected with the HMVO trigger, while the other multiplicity classes

(0-100%, 0.1-30%, and 30-100%) were collected with the MB trigger.

3 Data analysis

In this article, ZF and Z0 with their charge conjugates were analysed using hadronic decay
channels (Zf — Z-at7t and 2% — Z-71) and a semileptonic decay channel (20 — Z~e*v,)
at midrapidity (]y| < 0.5). The Z~ baryons appearing in these decay chains were reconstructed
from 2= — An~, followed by A — p7~ [17]. In the analyses, Monte Carlo (MC) simulations
with the PYTHIA 8 [45] event generator were used for various purposes, such as machine
learning model training, acceptance-times-efficiency (Acc x €) correction, unfolding, and

template fit. The charm hadrons generated via PYTHIA 8 were forced to decay via the specific



decay channel of interest in the analyses presented in this article. The interactions between
the generated particles and the detectors were modelled using the GEANT3 package [46] and
the detector geometry and conditions during the data taking were reproduced.

To reconstruct the Z%+ via their hadronic decay channels, a =~ baryon candidate was

paired with either one or two tracks, as described in refs. [11, 17]. The tracks were required to
have at least 70 crossed pad rows in the TPC and at least 3 hits in the ITS. The identification
of pions and protons was achieved by requiring the specific energy loss dE/dx of the track
and time-of-flight to be compatible with the expected values in units of the detector resolution
(nget) within three standard deviations. Additional track quality selections were applied, as
described in ref. [11]. Additionally, for ZY candidates, the Kalman Filter Particle tracking
algorithm [47] was used to reconstruct the ZY — =~ 7T decay channel.

A Boosted Decision Tree (BDT) algorithm, implemented using the XGBoost library [48]
was adopted to separate the combinatorial background from the signal. The binary BDT
classifiers were independently trained for each pr interval with the sample extracted from the
inclusive MB sample [5, 14, 19, 49]. The signal sample was obtained from MC simulations and
the background sample was collected from data by selecting reconstructed ZF candidates
located at least 60 away from the invariant-mass signal peak, where o corresponds to the
width of the signal peak obtained from MC simulations. The BDT models were trained using
variables related to PID and the decay topology of Z%* baryons, such as the distance of
closest approach (DCA) between the =~ baryon and the pion coming from a Z%F candidate,
the DCA between the primary vertex and daughter particles, the pointing angle between the
reconstructed momentum vector of Z%* baryon and the vector that connects the primary
and secondary vertices, and the reconstructed invariant mass of the = and A. The output
score from the trained BDT model allows each candidate to be classified with the probability
of being a true signal. In each pr interval, the threshold value of the BDT score was chosen
to maximise the expected statistical significance of the signal, according to the procedure
described in ref. [12]. The Z%7 signal was measured via a binned maximum-likelihood fit
of the candidate invariant-mass distribution in each multiplicity class in the pr intervals
4 < pr < 12 GeV/c for ZF and 2 < pr < 12 GeV/c for the =Y. A Gaussian function was used
to describe the signal, and its width (o) was fixed to the value observed in MC simulations to
improve the stability of the fit. The background was modelled with a first- or second-order
polynomial, depending on the shape of the background in each pr and multiplicity interval.
The statistical significance of the obtained Z¥T signal ranged from 3.20 to 8.40. Some
examples of these fits are presented in figure 1.

For the Z¥ semileptonic decay, the Z0 invariant mass cannot be fully reconstructed due
to the presence of a neutrino in the decay chain, and the signal candidates were obtained by
pairing an electron and a = of opposite charges. Candidate electron tracks were selected by
requiring at least three hits in the ITS with two in the SPD, a minimum of 50 reconstructed
clusters and 70 crossed pad rows in the TPC, py > 0.5 GeV /¢, and identified with the TPC
nIOF| < 3 [50]. The
requirement for hits in both layers of the SPD was used to reject electrons from late photon

and TOF detectors by requiring selection criteria ‘nEPC’ < 3 and

conversions [51, 52]. Lastly, to suppress the electrons from Dalitz decays, each track was
paired with opposite-sign tracks in the same event, and the track was discarded if it formed
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Figure 1. Invariant-mass distributions of signal candidates for the hadronic decays of =} in

4 < pr < 6GeV/c (left), and =% in 6 < pt < 8 GeV/c (right), in the high-multiplicity class. The blue
solid curve shows the total fit, and the red dashed curve shows the combinatorial background.

at least one pair with an invariant mass smaller than 50 MeV/c? [18]. Once the e= pairs
were built, they were required to be within |y| < 0.5 and have masses (M=) larger than
1.3GeV/c?. In addition, the pairs were filtered out by a criterion based on the opening
angle between the electron and the = momentum directions, which was obtained by studying
the signal (20 — Z~e*v,) in MC. The criterion was determined by the angle at which
90% of eZ pair yields remain and was tuned for each pr interval in order to minimise the
rejection of signal candidates in the data. The resulting values were distributed from 60°
to 23°, decreasing with increasing pr.

The selected eZ pairs are composed of three different contributions: i) the pairs from
=0 — =Z-et v, (signal); ii) the pairs from other decay channels Z — e*=* "1, — et (27791,
and =F — etZ0y, — et (E~71)v,, hereafter denoted as 4-body decay background; and
iii) combinatorial background. Since the difference between the 20 — Z~eT1, signal and
4-body decay background is only a soft pion from the resonance decay, the invariant-mass
distribution of the 4-body decay background is slightly shifted towards lower masses with
respect to the signal one, as shown in figure 2. To measure the reconstructed =0 — =~ et 1,
yield, a corresponding template for each type of e= pair was prepared and used to fit the
overall e= pair candidates. The sources of the template for each type of e= pair were as
follows: i) ZY — Z~etw, signal from MC; ii) 4-body decay background from MC; and iii)
combinatorial background of eZ pairs modelled with same-charge sign pairs from data [17].
Figure 2 shows examples of the template fit for the pr interval 4 < pr < 6 GeV/c in the
high- and low-multiplicity classes. In each panel, the distributions show the templates for
each type of eZ pair, and the total fit indicates the sum of the templates after the fit was
performed. The reliability of the template fit method was validated by an MC closure test,
which will be explained in section 4. Once the eZ pairs from =0 — Z~eTv, were extracted,
the pr distribution of the pairs was corrected for the missing momentum carried by v, using
a Bayesian unfolding technique [53] implemented in the RooUnfold package [54].
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Figure 2. Invariant-mass distribution of eZ pairs for 2 — Z~eTv, in 4 < pr < 6GeV/c, in the
high- (left) and low- (right) multiplicity classes. The blue filled distribution shows the total fit and
the coloured lines indicate the different sources contributing to the fit.

The pr-differential production yield of prompt Z%+ per event in each multiplicity class
was calculated as

2NEeT =0+
1 prompt _ €trigger 1 1 fprompt X Nra%v (3 1)

X —— X X ,
Nevent  dpr dy Nevent BR 2AyApT (ACC X 6)prompt

where Neyent denotes the number of events in the corresponding multiplicity class, €irigger 1S
the trigger efficiency as reported in table 2, and BR represents the branching ratio of the
considered decay channel. The factor of 2 accounts for the average yield of particles and
antiparticles. Ay and Apt denote the rapidity coverage and the width of the pr interval,
respectively. fpromps refers to the fraction of prompt 2%+ in the extracted raw yield, NrEa%j
is the raw yield (sum of particles and antiparticles), and (Acc X €)prompt corresponds to the
acceptance-times-efficiency for prompt Z%% in the given multiplicity interval.

In the (Acc x €) computation, the pr distribution of Z%* hadrons generated in MC
simulations was tuned with an ad-hoc weight to better match the pr distribution of the
corrected data. To derive this weight, the ratio of the corrected yield of Z%* in the analysed
data to the generated Z%F in MC was computed as a function of pr. This pp-dependent
ratio was then fitted with an exponential function to obtain the weight. An additional weight
was assigned to account for the multiplicity dependence of the (Acc x €), which originates
from the dependence of the primary-vertex resolution on the charged-particle multiplicity.
The weight was defined as the ratio between the Nipackiet distribution measured in data and
MC, where Nipacklet Tepresents the number of track segments built by associating pairs of
hits in the two layers of the SPD, which is proportional to the charged-particle multiplicity.
The Nipackier distributions from MC simulations were obtained by considering events with
at least one =0T candidate, whose invariant mass lay within a specific range. For =%*
hadronic decays, the range was based on the width of the signal peak obtained around the



PDG mass [40]: 420 MeV from the central position for Z¥ — Z~7+ and +£30MeV from

—c
the central position for Zf — Z-7t7T. For ZY semileptonic decays, the range was M.z
> 1.3 GeV. The weighted efficiencies computed for the different multiplicity classes show a
maximum of 5% variation with respect to those computed for the multiplicity-integrated
sample for =0 baryons. However, for £, a maximum 15% variation was observed in the
high-multiplicity class, which decreased with increasing pr.

The prompt fraction fprompt in the total observed yield was estimated using a procedure
similar to that described in ref. [17], to correct for the Z0F yield originating from the beauty-
hadron decays. In the estimation, it was assumed to be independent of the charged-particle
multiplicity and therefore was obtained from the multiplicity-integrated event class (0 < pyom
< 100%). This assumption is justified by the recent measurements of the non-prompt fraction
of D mesons at midrapidity [55], where the ratio of the non-prompt fraction in different
multiplicity classes to that in the multiplicity-integrated class was found to be compatible

with unity [55]. The forompt Was calculated as

=t
- t
fprompt =1- % (3.2)
raw
1 d%o ¢
=1- —or X Joed X BR x 2AyApt x (Acc X €)non-prompt X Lint,
raw pTdy non-prompt
(3.3)
=0,+ =0+ N . N .
where Nge o and Ny§) rompe indicates the extracted raw yields and non-prompt yields,
( dd2‘(’1 )HC denotes the cross section of the non-prompt Z%+ baryons, BR is the
PTAY / non-prompt

branching ratio of the corresponding decay channel, factor 2 accounts for the cross section
being the average of particles and antiparticles, Ay and Aprt represent the rapidity coverage
and the width of the pr interval, respectively, (Acc X €)non-prompt indicates the acceptance-
times-efficiency for non-prompt Z%+ baryons, and Li,; denotes the integrated luminosity.
Since the production cross section of non-prompt Z&* baryons has not been measured yet, it
was estimated by scaling the non-prompt A7 cross section, under the assumption that the pr-

differential cross section of non-prompt Z%* has a similar shape to that of non-prompt A as

=0,+ +
2o\ NEZAS S (b= by, = Z0)
dprdy dprdy Sopy (b= hy = Ae)’

(3.4)

non-prompt non-prompt

where hy, indicates a beauty-hadron species and the sum runs on all beauty-hadron species.
The cross section of non-prompt AF was estimated by combining the b-quark production
cross section from FONLL calculations [25] with the fragmentation fraction of b-quarks
decaying into beauty hadrons measured by LHCb experiment [27]. The kinematics of beauty
hadrons decaying into A" were simulated using the PYTHIA 8 event generator. The obtained
non-prompt A cross section was scaled with the rightmost term of eq. (3.4), which represents
the fragmentation fraction of non-prompt Z&+ to that of non-prompt A, in order to estimate
the non-prompt Z&+ cross section. By considering that only A% and Z, baryons contribute
to the yields of non-prompt A and E%+ baryons, respectively, the ratio was approximated as



Decay channel EFr s> Ertrt 2 - =71t 2 = Z7 et

pr (GeV/e) 46 68 812| 24 46 68 812| 24 46 68 812
Raw yield 5% 5% 6% 6% ™% 8% 9% |21% 11% 10% 5%
MC pr shape 1% mnegl. negl. | 3% 1% negl. negl. | 5% 2% 1% 2%

MC multiplicity negl. negl. negl. | negl. negl. negl. negl. | 1% 1% 1% 2%
Prompt fraction % Te% 8% | 3% 3% % A% | B% %% Mi% 3%
Efficiency correction | 9% 11% 11%| 6% 6% 6% 5% | ™ 5% 6% 6%

Tracking 5% 5% 5%| 5% 5% 5% 5%| 5% 5% 5% 5%

Unfolding — = = = = — — | 1% 4% 3% 4%

ly| variation - = = = = = — 1% 1% 1% 1%

Total 13% 14% 15% | 11% 10% 12% 12% | 23% 15% 14% 12%
Branching ratio 44.3% 18.9% 23.1%

Table 3. Systematic uncertainties on the corrected prompt yield for the multiplicity-integrated event
class.

eq. (3.5). It was estimated by scaling the measured prompt =0 /AT cross section ratio [16, 17]
with the production yield ratio of non-prompt to prompt =% /At predicted by PYTHIA 8
with CR Mode 2 tune. This approach relies on the assumption that the pr-differential cross
section ratio of non-prompt Z%* /A has a similar shape to that of the prompt case.

=0,+

Sny S0 = hy = Ee)  f(b—E 5 E) (Eii’;) (d°0/dprdy)srompt
PYTHIA 8

S fb—=hy = Ac)  f(b— A, = A) | =5 ' (3.5)

AS
c—Ac (d20/dedy)prompt

The estimated prompt fraction ranges between 0.94 and 0.98.

4 Systematic uncertainties

Systematic uncertainties on the prompt Z%* yield measurements were estimated for each pr
interval and multiplicity class. The sources of systematic uncertainty were those relative to the
raw yield extraction, the MC pt shape, the computation of the prompt fraction, the efficiency
correction, the tracking efficiencies, the unfolding procedure, and the |y| variation. The
uncertainties estimated in the multiplicity-integrated event class (0 < pyom < 100%) were
reported in table 3, while those for other multiplicity classes were provided in appendix A.
The magnitudes of the uncertainty contributions were independent of multiplicity. The
tracking efficiency, the PID selection related to the efficiency correction, and the generated
=%+ pr shape were correlated across different multiplicity intervals, while the others were
not. The contribution related to the PID selection was included in the systematic uncertainty
associated with the efficiency correction.

The approach adopted to estimate the systematic uncertainty related to the raw-yield
extraction depends on the Z»* decay channel. For the Zf — Z-at7+ and 20 — ==+
decays, the uncertainty was evaluated by repeating the fitting procedure to the invariant-mass
distributions in each pr and multiplicity class with various background modelling functions
and fitting ranges. In addition, a bin-counting method was employed to test the sensitivity



to the signal shape by following the approach used in ref. [12]. The signal function width was
fixed to the value observed in MC simulations and a variation of 10% was also applied. The
root-mean-square (RMS) of the raw yield distribution and the deviation of the mean of the
distribution with respect to the raw yield obtained for the central case were evaluated, and
their quadratic sum was assigned as a systematic uncertainty. The final assigned uncertainties
range from 5% to 6% for ZF and from 6% to 9% for 20, depending on the pr of the =0T
baryon. For the 20 — Z~etv, decay, the uncertainty was evaluated using an MC closure test.
To test the reliability of the template fit method discussed in section 3, multiple pseudo-data
samples with a known (true) signal yield were created, and then template fits were performed
on these pseudo-data samples to check the difference between the true and the measured
signal yield. To create a sample, each type of e= pair was randomly sampled from its base
template, with the same number of candidates as in the data in each pr interval, with the
signal fraction varying from 5% to 25%. The systematic uncertainty was estimated as the
deviation between the true signal yield and the measured signal yield (1 — Nmeasured/Ntrue)-
The final assigned uncertainties range from 5% to 21%.

To estimate the uncertainty associated with the pt shape of the generated Z%* baryons in
MC simulations, the weighting factor described in section 3 was varied within the uncertainties
of the ratio between the data and the MC. The maximum assigned systematic uncertainty
was 5%.

In the MC, the multiplicity was estimated with the Nyacket distribution, which was
corrected using weights. The systematic uncertainties of these weights were calculated
independently among the decay channels. For the =2 hadronic decay channels, the event
selection criteria for determining the weights were tested by varying the invariant-mass
window of Z0F candidates with respect to the PDG mass [40] and by removing the mass
window requirement. The resulting uncertainty was negligible except for Z0 baryons with
pr <6GeV/c in the high-multiplicity class, where the uncertainty was found to be at
maximum of 4%. For the semileptonic decay of Z¥, the weights were obtained from the
events with =¥ candidates (eZ pairs) having a mass within the range 1.3 < M.z < 2.5 GeV/c2.
The uncertainty was 1-2% for most cases except in the high-multiplicity class, where the
maximum assigned systematic uncertainty was 5%.

To estimate the uncertainty in the prompt Z&F fraction correction described in eqs. (3.4)
and (3.5), the following two ingredients were considered: i) the non-prompt A} cross section
from FONLL predictions and ii) the ratio of the fractions of b quarks contributing to =+
and Al yields (f(b = Ep = Z¢) / f(b— A, — Ac)), as done in ref. [17]. The uncertainties
of the FONLL prediction were estimated by varying the b-quark mass, factorisation scale,
and renormalisation scale as prescribed in ref. [25]. The uncertainty on the b-quark fractions
feeding down to Z%+ and A} baryons was estimated by setting upper and lower bounds as
follows. For the upper bound, only the measured prompt =%+ /AT production yield ratios
were considered, without scaling the ratio of non-prompt to prompt A} and =07 yields
predicted by PYTHIA 8, to account for the possible differences between the =% /At and
=p/AD ratios. For the lower bound, the Z;,/A{ ratio measured by the LHCb Collaboration [27]

was considered. Here it was assumed that the relative contribution of beauty-hadron decays

0 +

¢ and =]

to = in different multiplicity classes remains constant. The maximum resulting
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uncertainty was 4%. To estimate potential deviations of fprompt from the value computed in
the multiplicity-integrated event class, a similar methodology to that in ref. [36] was utilised.
The variation as a function of multiplicity was computed using PYTHIA 8 simulations. The
systematic uncertainty was evaluated considering the ratio between the non-prompt fraction
in a given multiplicity class and that in INEL > 0 events. The maximum uncertainty was
3%. The uncertainty of the prompt fraction was calculated by taking the quadratic sum
of two sources. The maximum uncertainty was 7%.

The uncertainty related to the efficiency correction associated with the selection of the
BDT classification score was estimated by repeating the analysis for different threshold values
on the BDT scores to obtain the prompt Eg’+ yield. The uncertainty was estimated as the
quadratic sum of the RMS of the corrected prompt Z%7 yield distribution obtained from
the variations and the shift in its mean with respect to the yield obtained with the default
threshold value. These variations in threshold values were limited to trials with a =07 signal
that has a statistical significance of more than 3o to be less sensitive to statistical fluctuations.
The resulting uncertainties ranged from 9% to 11% for the ZF — Z- 7" 7t decay, and from
5% to 6% for the Z) — =~ 71 decay. For the Z0 — Z~etv, decays, a set of variations of
the selection criteria was considered for each variable, and the maximum deviation from the
result obtained with respect to the default selection values was assigned as the uncertainty.
The procedure was repeated for all selection variables and the final uncertainty was calculated
as the quadratic sum of the uncertainties associated with each variable. The estimated
uncertainties from these variations ranged from 5% to 7%.

The systematic uncertainty related to the track reconstruction efficiency can be influenced
by the criteria related to the track quality selection and the probability of prolonging tracks
from the TPC to the ITS (matching efficiency). The effect of the first source was evaluated
by calculating the prompt yields of Z%F baryons with varied track selection criteria. The
RMS of the calculated prompt yields was assigned as the systematic uncertainty. As a result,
a uniform 5% uncertainty was assigned for all pr intervals of interest. To estimate the
contribution from the second source, the uncertainty in the matching efficiency of the pion
(for hadronic 2%+ decay channels) and the electron (for the semileptonic =¥ decay channel)
in data and MC were compared. The per-track uncertainty on the matching efficiency was
propagated to =0 candidates by taking the decay kinematics into account. In this evaluation,
only matching efficiencies of pions and electrons were considered since the prolongation of
the tracks from the TPC to the ITS hits was not required for the tracks originating from
the = decay. The resulting uncertainty ranged from 1% to 2%.

For the semileptonic decay channel of Z0, two additional sources were considered for the
total systematic uncertainty. The first source was the unfolding procedure to compensate for
the missing momentum carried by v,. To estimate the uncertainty of the procedure, both the
algorithm (Bayesian and Singular Value Decomposition [56]) and the number of iterations
(2—6) were varied. The estimated uncertainties ranged from 1% to 4%. The second source
came from possible differences in the acceptance of eZ pairs between the data and the MC.
To estimate the uncertainty, the rapidity interval was varied between |y| < 0.5 and 0.8. The
estimated uncertainties were uniform for all pr intervals at 1%.
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The systematic uncertainties described above are assumed to be uncorrelated with one
another. Therefore, the total systematic uncertainty was calculated as the quadratic sum
of each source for each pr and multiplicity class.

5 Results

The corrected prompt yields of the ZY from both hadronic and semileptonic decay channels
are consistent within the statistical and systematic uncertainties uncorrelated over the particle
types. The following systematic uncertainty sources are considered uncorrelated: raw yield,
MC pr shape, efficiency correction, unfolding, |y| variation, and branching ratio. To obtain a
result with better precision, a weighted average of the two measurements was computed with
weights defined as the inverse of the quadratic sum of the relative statistical and uncorrelated
systematic uncertainties. Figure 3 shows the pp-differential yields of prompt Z0 and =
baryons measured in |y| < 0.5 in the multiplicity-integrated class (INEL > 0) and in three
different charged-particle multiplicity classes in pp collisions at /s = 13 TeV. The statistical
and systematic uncertainties are reported as vertical bars and open boxes, respectively, and
the uncertainties from the branching ratio are displayed as shaded boxes. The multiplicity
classes are represented in terms of the average charged-particle densities at midrapidity,
<chh/d77>|n|<0.5 values, as reported in table 2. The top left panel of figure 3 shows the
average result between the =0 measurements in the hadronic and semileptonic decay channels
measured in 2 < pr < 12 GeV/c and the top right panel shows 2 measured in 4 < pp < 12
GeV/c. The prompt ZY yields measured in four multiplicity classes are compatible with those
of EF baryons, as expected from isospin symmetry, and as was observed in the previous
measurement [17]. The bottom panels of figure 3 show the ratios between the Z0F yield in a
given multiplicity class and that obtained in INEL > 0 events. To calculate the ratio, the
correlation of the uncertainty sources between the multiplicity classes and the INEL > 0 class
was considered as follows: i) the high-multiplicity class trigger (HMV0) and MC multiplicity
were treated as uncorrelated; ii) raw yield extraction and cut variations were assumed to be
partially correlated, where the largest uncertainty was chosen as the final contribution to the
total uncertainty; and iii) the other sources were considered as fully correlated. The observed
hardening trend of the p spectrum is compatible with that reported for D mesons and A
in ref. [36]. However, the current measurement precision does not allow one to exclude a
smoother, or even negligible, evolution of the p distribution with multiplicity.

Figure 4 shows the baryon-to-meson ratios Z%* /D" and the baryon-to-baryon ratios
2%+ /AT in the measured multiplicity classes. In each panel, the bars (open boxes) indicate
the statistical (systematic) uncertainty, while the shaded boxes represent the branching ratio
uncertainties. For the propagation of the systematic uncertainty, the following uncertainty
sources were treated as uncorrelated over the different baryon and meson measurements: raw
yield extraction, MC pp shape, efficiency correction, unfolding, |y| variation, and branching
ratio. Both the 2%+ /DY and 20 /A ratios measured in the INEL > 0 class are consistent
with the measurements in ref. [17] within the uncertainties. The measured =27 /DY ratios
show no significant dependence on pt within the current experimental uncertainties. The
ratios measured in high-multiplicity classes are compatible with those measured in low-
multiplicity classes. In contrast, the pp-dependent AT /DY ratio exhibits an increasing trend
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Figure 3. pr-differential per-event yield of prompt Z¢ (left) and ZF (right) baryons measured in the
different multiplicity classes in pp collisions at /s = 13 TeV at midrapidity (|y| < 0.5), along with
the corresponding ratios to the multiplicity-integrated (INEL > 0) class in the bottom panel. The

values shown in the legend, denoted as (dNg,/dn) correspond to the average charged-particle

[n|<0.5
multiplicity at midrapidity for the respective multiplicity classes, as introduced in table 2. The

statistical and systematic uncertainties are shown as bars and open boxes, respectively. The shaded
boxes indicate the uncertainty of the branching ratio.

with charged-particle multiplicity, indicating a possible modification of the hadronisation
process in high-multiplicity environments [36]. Interestingly, however, the pp-integrated
A} /D ratio shows no significant dependence on multiplicity [36], similarly to the behaviour
observed for the A/KQ ratio, while the pr-integrated == /K2 and Q= /K ratios increase with
increasing charged-particle multiplicity [37].

Figure 5 shows the baryon-to-meson ratios =2 /DY and baryon-to-baryon ratios 2%+ /AF
obtained from the low- and the high-multiplicity classes, compared with model calculations
from the PYTHIA 8.2 [45] and the EPOS4HQ [57] event generators. Both the PYTHIA 8.2
and the EPOS4HQ predictions use the same multiplicity classes as the measurements. Note
that both predictions are computed by considering =0 only, however, the predictions for ZF
won’t be significantly different being the isospin partner of Z0. The PYTHIA 8.2 simulations
are obtained by using the standard Monash 2013 tune and the colour reconnection settings
beyond the leading colour approximation (CR-BLC) [30]. The CR-BLC modes used in this
study (0, 2, and 3) apply different constraints on the allowed reconnection among colour
sources, which leads to increased baryon production. In the EPOS4HQ, after the initial
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Figure 4. The prompt production yield ratios between =2F and DY mesons (top) and =&+ and A}
baryons (bottom) measured in the same multiplicity classes in pp collisions at /s = 13 TeV [36]. The
statistical and systematic uncertainties are shown as bars and open boxes, and the uncertainty from
BR is represented in shaded boxes, respectively.

parallel scatterings, the medium is separated into core and corona components, and then the
evolution of the core is modelled using viscous hydrodynamics. Heavy quarks are produced
initially via time-like cascades, space-like cascades, and Born processes. A heavy quark may
enter the fluid, and propagate through the medium, interacting with thermal partons through
elastic and inelastic scatterings, during which it can lose or gain energy. When the local
energy density drops below a critical threshold, the heavy quark may hadronise into various
heavy-flavour hadrons via a coalescence mechanism. In contrast, heavy quarks which do not
enter the fluid hadronise always via fragmentation. The measured pp-differential baryon-
to-meson ratios and baryon-to-baryon ratios show no significant dependence on multiplicity
with the current uncertainties. The predictions from PYTHIA 8.2 show no clear trend with
multiplicity for Monash and CR-BLC mode 2. However, a slight increase can be observed
for CR-BLC modes 0 and 3 in high multiplicity at low pp. For both =% /D and Z%+ /A,
both the Monash tune and the CR-BLC modes substantially underestimate the measured
ratios in all multiplicity classes. On the other hand, the predictions from the EPOS4HQ
show a relatively good description of the data. The predictions agree with the data both
qualitatively and quantitatively considering the systematic uncertainty, especially at high
multiplicity. It is also worth noting that the EPOS4HQ predictions show an evolution with
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Figure 5. The baryon-to-meson ratios (top) and baryon-to-baryon ratios (bottom), measured in the
low- (left) and high- (right) multiplicity classes. The measurements are compared with the predictions
from two event generators: PYTHIA 8 with different tunes (namely Monash [26], CR-BLC [30] Mode
0, 2, and 3) and EPOS4HQ [57].

multiplicity. The main reason for this evolution is the fraction of charm quarks entering the
fluid, since a fluid is created more frequently at high multiplicity and therefore has the chance
to hadronise via coalescence, rather than via fragmentation. The latter strongly suppresses
high masses compared to light ones, whereas the former only requires the presence of light
quarks in the fluid to combine into charmed hadrons. The measurements of Z%* production
as a function of charged-particle multiplicity can put further constraints on the description
of hadronisation mechanisms into baryons with charm and strange valence quarks. Aside
from the Z0/DY ratio in this analysis, note that the PYTHIA 8 CR-BLC modes have shown
a significant multiplicity dependence in the A /DP ratio [36], especially for modes 0 and 2.
In addition, they qualitatively describe the measured pr-differential A} /DO ratio, including
the decreasing trend with pr and the overall magnitude as a function of charged-particle
multiplicity. Also, it is noteworthy that the PYTHIA 8 CR-BLC modes predict a dependence
on the charged-particle multiplicity of the pr-integrated AF /D ratio, which is not suggested
by the experimental data [36].

Figure 6 shows the branching fraction ratio between the two considered decay channels
of the ZY baryon BR(Z! — Z~eTv,)/BR(ZE! — Z~7"), compared with results from the

C

ARGUS, Belle, and CLEO experiments [58-60] and theoretical predictions [61, 62]. To
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model predictions [61, 62].

calculate the branching fraction ratio, the production yield ratio between the two Z¥ decay
channels is obtained considering the (Acc x ¢) corrected Z0 yields in the two decay channels
without correcting them by the respective branching ratios. The measured ratio does not
show any significant pr dependence. To provide a single value of the branching fraction
ratio, the ratios in different pp intervals were averaged by using the inverse of the sum in
quadrature of the relative statistical and uncorrelated systematic uncertainties as weights as
described in refs. [17, 50]. In the calculation, the following uncertainty sources are considered
as pr uncorrelated: the raw yield extraction (for both Z¢ — Z~ 7" and Z — Z"etw,),
the BDT efficiency correction for the hadronic decay channel, and the unfolding procedure
for the semileptonic decay channel. The resulting branching fraction ratio is BR(Z? —
E-eT1,)/BR(EY = Z-7t) = 0.825 & 0.094 (stat.) + 0.081 (syst.). This result supersedes
the previous ALICE measurement [17] with a factor 1.6 improvement in statistical precision,
due to the inclusion of both MB and HMVO triggered data samples. The branching fraction
ratio is consistent with the Belle result [59] within 0.720. However, the values predicted by
theoretical models such as the Light-front approach [61] and SU(3)s [62] overestimate the
measured ratio, as illustrated in figure 6. Also, it is an interesting point that the measured
branching fraction ratio of Z¥ is similar to that of Q0 [50] within 0.800, as predicted by model

calculations using the Light-front approach and SU(3)f.

6 Summary

The pr-differential production yields of prompt = and ZY baryons at midrapidity (|y| < 0.5)
as a function of charged-particle multiplicity, in the pr interval 4 < pp < 12 GeV/c for =} and
2 < pr < 12 GeV/c for ZY, are reported. This study presents the first multiplicity-dependent
measurement of =0T baryons in pp collisions at midrapidity. The production yields for the
minimum-bias multiplicity class INEL > 0 are similar to the previously published result [17].
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No significant multiplicity dependence is observed in either =07 /DY or Z&T/AF within
uncertainties. The EPOS4HQ prediction accurately describes the =2 /DO ratio as a function
of pr and multiplicity, while the PYTHIA 8.2 Monash 2013 tune and CR-BLC modes
fail to capture any feature of the measurement. The branching fraction ratio BR(Z! —
Z~etr,)/BR(Z? — Z=7) is also measured, and it supersedes the previous measurement [17]
with a factor of 1.6 improvement in the statistical precision. This new branching fraction
ratio is compatible with the Belle result within 0.72¢. Lastly, the current measurement can be
improved by exploiting the large data sample of pp collisions at /s = 13.6 TeV being collected
during the Run 3 of the LHC by the ALICE experiment, which underwent a significant
upgrade during the LHC Long Shutdown 2.
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A Systematic uncertainties for other multiplicity classes

Decay channel EFr s Eatat 20 =2 rt 20— =7etr,
pr (GeV/e) 46 68 812 24 46 68 812| 24 46 68 812
Raw yield 5% 6% 6% |10% 10% 10% 9% | 21% 11% 10% 5%
MC pr shape 1% mnegl. negl. | 3% 1% mnegl. negl. | 5% 2% 2% 3%

MC multiplicity | negl. negl. negl. | 4% 1% negl. negl. | 5% 4% 2% 5%
Prompt fraction | 5% 5% 5% | 3% 3% Ti% 1% | L% L% 4% TL%
Efficiency correction | 12% 11% 6% | 6% 6% 6% 6%| 5% 5% 5% 5%

Tracking 5% 5% 5%| 5% 5% 5% 5%| 5% 5% 5% 5%
Unfolding — = =] = = — — | 2% 2% 2% 1%
ly| variation _ = = = = = —| 1% 1% 1% 1%
Total 16% 15% 12% | 14% 13% 13% 13% | 23% 14% 13% 12%

Table 4. Systematic uncertainties on the corrected prompt yield measured in high-multiplicity class.
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Decay channel Ef > Eatat 2= gt 20— =7etr,

pr (GeV/e) 46 68 812 24 46 68 812| 24 46 6-8 812
Raw yield 6% 6% 6%| ™ 8% 9% 10%|21% 11% 10% 5%
MC pr shape 1% negl. negl. | 3% 1% negl. negl.| 5% 2% 1% 2%

MC multiplicity | negl. negl. negl. | negl. negl. negl. negl. | 1% 1% 1% 2%
Prompt fraction Hog T 5% | B9 B9 g flg| B 5%ty g
Efficiency correction | 11% 11% 12%| 6% 6% 6% 6% | ™% 6% 6% 6%

Tracking 5% 5% 5%| 5% 5% 5% 5%| 5% 5% 5% 5%
Unfolding _ - = — | 1% 4% 3% 4%
|y| variation - = = = = = —] 1% 1% 1% 1%
Total 14% 15% 16% | 11% 11% 12% 13% | 23% 15% 14% 12%

Table 5. Systematic uncertainties on the corrected prompt yield measured in intermediate-multiplicity

class.

Decay channel Ef s =2 rtat 2 Ert 20— =7etr,
pr (GeV/e) 46 68| 24 46 68|24 46 68
Raw yield 5% 8% | 10% 10% 9% | 21% 11% 10%
MC pr shape 1% negl. | 3% 1% mnegl.| 5% 2% 1%
MC multiplicity | negl. negl. | negl. negl. negl. | 1% 1% 1%
Prompt fraction | T1% %% 5% A% | % TS 1%
Efficiency correction | 6% 14% | 10% 10% 10% | ™% 6% 6%
Tracking 5% 5% 5% 5% 5%| 5% 5% 5%
Unfolding — — - — —| 1% 4% 3%
ly| variation — — - - —| 1% 1% 1%
Total 11% 18% | 16% 15% 15% | 23% 15% 14%

Table 6. Systematic uncertainties on the corrected prompt yield measured in low-multiplicity class.
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