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1 Introduction

Measurements of the production of hadrons containing heavy quarks, i.e. charm or beauty,
in proton-proton (pp) collisions provide an important test of quantum chromodynam-
ics (QCD) calculations. Several measurements of charm- and beauty-hadron production
were carried out in pp collisions by the ALICE [1–11], ATLAS [12–16], CMS [17–23], and
LHCb [24–33] experiments at the LHC, and by the STAR experiment at RHIC [34]. The
measured D- and B-meson production cross sections are generally compatible within un-
certainties with theoretical predictions based on the factorisation approach, which describe
them as the convolution of the parton distribution functions (PDFs), the partonic cross
section calculated with perturbative QCD (pQCD) calculations, and the fragmentation
functions (FFs). Calculations of the partonic cross sections are nowadays available at next-
to-leading-order accuracy (like kT-factorisation [35–37]) or next-to-leading-order with next-
to-leading logarithm resummation (like FONLL [38–40] and GM-VFNS [41–46]). The FFs
are typically constrained from measurements carried out in e+e− or ep collisions [47], under
the assumption that the hadronisation of heavy quarks into hadrons is a universal process
independent of the colliding system. However, measurements of baryons containing heavy
quarks at hadronic colliders showed an enhancement of the baryon-to-meson yield ratios
relative to the values measured at e+e− colliders [32, 48], challenging the assumption of
the universality of the fragmentation across different collision systems. Monte Carlo (MC)
generators that implement the transition from the heavy quark to the hadron via string
fragmentation (as PYTHIA 8 [49] with the Monash-13 [50] tune) or cluster hadronisa-
tion (such as HERWIG 7 [51]), in which the heavy-quark fragmentation is tuned to e+e−

and ep measurements, cannot reproduce the baryon-to-meson yield ratios measured in pp
collisions. When including the colour reconnection mechanism beyond the leading colour
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(CR-BLC) approximation in PYTHIA 8 [52], which introduces new colour-reconnection
topologies that fragment into baryons, a much better agreement with data is obtained [8–
10]. In particular, three settings (‘Modes’ 0, 2, and 3), characterised by different constraints
on the time dilation and causality, were defined in ref. [52]. The time parameters are rel-
evant in this model, because two string pieces must be able to resolve each other during
the time between formation and hadronisation to reconnect, taking time-dilation effects
caused by relative boosts into account. However, in case of charm baryons with strange-
quark content, a significant discrepancy still remains with data even when considering the
CR-BLC modes, suggesting that additional effects should be introduced in order to have
a complete description of the hadronisation processes [6, 7, 11]. In the light-flavour sector,
it was observed that increasing the string tension (‘colour ropes’ tune), which leads to an
increase of strangeness production, a better agreement with data for the charged-particle
multiplicity dependence of multi-strange hadron production is obtained [53, 54].

Given that the production of heavy quarks occurs in initial hard partonic scattering
processes while the production of light particles in the underlying event is dominated by
soft processes, the measurement of heavy-flavour hadron production as a function of the
charged-particle multiplicity has the potential to give insights into the interplay between
the soft and hard mechanisms in particle production. In particular, multi-parton interac-
tions (MPI) [55, 56], i.e. several hard partonic interactions occurring in a single pp collision,
influence the production of light quarks and gluons, affecting the total event multiplicity, as
well as the production of heavy quarks. In addition, high-multiplicity events allow one to
test the heavy-flavour hadron production at small Bjorken-x, i.e. a kinematic region where
the density of low-momentum gluons in the colliding protons is very high and is expected to
reach saturation, which otherwise would require significantly larger energies [57]. A faster-
than-linear increase has been observed in the production of prompt D mesons, as well as
that of inclusive, prompt, and non-prompt (from beauty-hadron decays) J/ψ mesons at
midrapidity as a function of the charged-particle multiplicity in pp collisions [58, 59]. The
same behaviour was obtained using a multiplicity estimators based on particles measured
in the same pseudorapidity interval and introducing a pseudorapidity gap with respect to
the heavy-flavour hadron [59]. A linear increase was instead observed in the measurement
of J/ψ mesons a forward rapidity, if a pseudorapidity gap is introduced between the J/ψ
mesons and the multiplicity estimator [60]. This behaviour is described by several MC gen-
erators including MPI, such as PYTHIA 8 [49] and EPOS 3 [61]. EPOS is an event gener-
ator suited for various hadronic colliding systems, from pp to nucleus-nucleus. This event
generator assumes initial conditions generated in the Gribov-Regge multiple scattering
framework, possibly followed by a hydrodynamical evolution applicable to all collision sys-
tems. Initial conditions are generated in the Gribov-Regge multiple scattering framework.
Individual scatterings are referred to as Pomerons, and are identified with parton ladders.
Each parton ladder is composed of a pQCD hard process with initial- and final-state radia-
tion. Non-linear effects are considered by means of a saturation scale. The hadronisation is
performed with a string fragmentation procedure, consisting in the decay of plasma droplets
which conserves energy, momentum, and flavour. Other models based on a colour glass
condensate (CGC) with the three-pomeron fusion mechanism [57] are also able to describe
the multiplicity dependence of the production yield of heavy-flavour hadrons [57, 59].
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It is also important to note that the charged-particle densities reached in high-
multiplicity pp collisions at LHC energies are comparable with those measured in peripheral
heavy-ion collisions. Measurements in high-multiplicity pp collisions showed features that
resemble those associated with the formation of a colour-deconfined state of the matter
called quark-gluon plasma [62] in heavy-ion collisions [63–65]. In this context, one of the
most interesting effects is the modification of the hadronisation mechanism. Model cal-
culations based on statistical hadronisation [66] or hadronisation via coalescence [67, 68]
predict an enhancement of the baryon-to-meson and strange-to-nonstrange yield ratios as
a function of the charged-particle multiplicity. The first category of models is based on
the evaluation of the population of hadron states according to statistical weights governed
by the masses of the hadrons and a universal temperature, while the second ones imple-
ment the recombination of partons close in phase space into the final hadrons. Recently,
the ALICE Collaboration observed a multiplicity dependence of the transverse momen-
tum (pT) differential Λ+

c /D0 ratio, smoothly evolving from pp to Pb-Pb collisions. The
same quantity measured pT integrated was found not to vary significantly as a function
of the charged-particle multiplicity. No modification of the D+

s /D0 ratio with increasing
multiplicity was measured in pp collisions [69, 70]. Conversely, in the beauty sector, the
LHCb Collaboration found evidence of an increase of the B0

s/B0 production ratio with
the multiplicity, in case of charged-particle multiplicity estimated with tracks in the same
pseudorapidity interval of the B mesons [71], while no measurements of beauty-baryon
production as a function of charged-particle multiplicity are available. Finally, the fraction
of χc1(3872) and ψ(2S) states promptly produced at the collision vertex was found by the
LHCb Collaboration to decrease as charged-particle multiplicity increases [72]. This sup-
pression is interpreted as a consequence of the heavy-quark breakup via interactions with
comoving hadrons [73, 74].

In this article, the first measurement of the fraction of D0 and D+ mesons originating
from beauty-hadron decays (fnon-prompt) at midrapidity (|y| < 0.5) is reported as a function
of the charged-particle multiplicity in pp collisions at

√
s = 13 TeV. In addition, the ratio

between the fraction measured in different multiplicity classes divided by the one measured
in the multiplicity-integrated sample is presented. The experimental apparatus and the
multiplicity determination are described in section 2. The measurement of fnon-prompt in
six transverse momentum intervals and integrated in 1 < pT < 24 GeV/c is described in
section 3, while the evaluation of the systematic uncertainties is discussed in section 4.
Finally, the results are presented and compared to model calculations in section 5.

2 Experimental apparatus and data sample

The ALICE apparatus is composed of several detectors for particle reconstruction and iden-
tification at midrapidity, embedded in a large solenoidal magnet that provides a magnetic
field of B = 0.5 T parallel to the beams. It also includes a forward muon spectrometer
(−4 < η < −2.5) and a set of forward and backward detectors for triggering and event
characterisation. A comprehensive description of the ALICE detector and its performance
is reported in refs. [75, 76].
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The Inner Tracking System (ITS), consisting of six cylindrical layers of silicon detec-
tors, allows for a precise reconstruction of primary and secondary vertices, and it is used
for tracking. The Time Projection Chamber (TPC) provides up to 159 space points to
reconstruct the charged-particle trajectory, and provides particle identification (PID) via
the measurement of the specific ionisation energy loss dE/dx of charged particles. The
Time-Of-Flight detector (TOF) extends the PID capability by measuring the flight time
of charged particles from the interaction point to the TOF. These detectors cover the full
azimuth in the pseudorapidity interval |η| < 0.9. The V0 detector arrays, covering the in-
tervals 2.8 < η < 5.1 (V0A) and −3.7 < η < −1.7 (V0C), are used for triggering purposes
and event multiplicity measurements.

The data used for this analysis are from pp collisions at
√
s = 13 TeV collected in

2016, 2017, and 2018. A minimum-bias (MB) trigger was used, based on coincident sig-
nals in V0A and V0C. To enrich the data sample in the highest multiplicity regions, a
high-multiplicity trigger based on a minimum threshold for the V0 amplitudes (HMV0)
was used as well. The data sample collected with such a trigger corresponds to the 0.17%
highest-multiplicity events out of all inelastic collisions with at least one charged parti-
cle in the pseudorapidity range |η| < 1 (denoted as INEL > 0). Offline selections were
applied to remove background from beam-gas collisions, as described in ref. [77]. Events
with multiple reconstructed primary vertices were rejected. The remaining pile-up events
were at a percent level and, therefore, did not affect the present analysis. Only the events
with a primary vertex reconstructed within |zvtx| < 10 cm from the nominal interaction
point along the beam-line direction were considered for the analysis. To select events in
the INEL > 0 class, at least one track segment reconstructed with the first two ITS lay-
ers (denoted as tracklet) within the pseudorapidity region |η| < 1 was required. After
these selections, the integrated luminosities are about Lint ≈ 32 nb−1 for the MB triggered
events, and Lint ≈ 7.7 pb−1 for the HMV0 triggered events [69]. The event multiplicity
was determined in the forward rapidity region, exploiting the sum of signal amplitudes
in the V0A and V0C scintillators, V0M, and defining its percentile distribution, pV0M.
Low pV0M values represent high-multiplicity events. The definition of the mean multi-
plicity density (〈dNch/dη〉|η|<0.5) of charged-primary particles at midrapidity is given in
ref. [78]. It was obtained by converting the measured event multiplicities as described in
ref. [77]. Table 1 summarises the multiplicity event classes at forward rapidity used in this
analysis (pV0M(%)) and the corresponding values for 〈dNch/dη〉|η|<0.5, together with the
corresponding value for the multiplicity-integrated class [77].

Monte Carlo simulations were utilised in the analysis mainly for the machine-learning
training, and to obtain the correction factors for the limited detector acceptance as well as
the reconstruction and selection efficiencies. They were obtained by simulating pp collisions
with the PYTHIA 8.243 event generator [49, 79] (Monash-13 tune [50]). In order to enrich
the simulated data samples of prompt and non-prompt D mesons, either a cc or bb quark
pair was required in each simulated PYTHIA pp event and D mesons were forced to
decay into the hadronic channels of interest for the analysis. The generated particles were
transported through the apparatus by using the GEANT3 package [80].
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Multiplicity interval 〈dNch/dη〉|η|<0.5

[30, 100]% 4.41± 0.05
[0.1, 30]% 13.81± 0.14
[0, 0.1]% 31.53± 0.38
INEL > 0 6.93± 0.09

Table 1. Summary of the multiplicity event classes at forward rapidity expressed in percentiles
of the V0M signal amplitude (pV0M(%)). The average charged-particle densities 〈dNch/dη〉|η|<0.5
at midrapidity are shown, together with the value corresponding to the multiplicity-integrated
class. Multiplicity intervals are measured in experimental data down to the 0–0.1% percentile,
corresponding to the highest-multiplicity interval.

3 Data analysis

The D0 and D+ mesons and their charge conjugates were reconstructed via the
hadronic decay channels D0 → K−π+, with branching ratio BR = (3.947 ± 0.030)%, and
D+ → K−π+π+, with BR = (9.38±0.16)% [81]. D-meson candidates were built by combin-
ing pairs or triplets of tracks with the proper charge signs, each track with pT > 0.3 GeV/c,
|y| > 0.8, at least 70 out of a maximum of 159 crossed TPC pad rows, a minimum number of
two hits (out of six) in the ITS, with at least one in either of the two innermost layers, and a
track fit quality χ2/ndf < 2 in the TPC. These track-selection criteria reduce the D-meson
acceptance in rapidity, which falls steeply to zero for |y| > 0.5 at low pT and for |y| > 0.8 at
pT > 5 GeV/c. Thus, a fiducial acceptance selection |y| < yfid(pT), was applied to grant a
uniform acceptance inside the rapidity range considered. The yfid(pT) value was defined as
a second-order polynomial function, increasing from 0.5 to 0.8 in the transverse-momentum
range 0 < pT < 5 GeV/c, and as a constant term, yfid = 0.8, for pT > 5 GeV/c [2].

To suppress the large combinatorial background and to separate at the same time the
contribution of prompt and non-prompt D mesons, a machine-learning approach with multi-
class classification, based on Boosted Decision Trees (BDT) provided by the XGBoost [82,
83] library was adopted. Signal samples of prompt and non-prompt D mesons for the
BDT training were obtained from PYTHIA 8 simulations as described in section 2. The
background samples were obtained from candidates in the sideband region in the data,
i.e. in the interval 5σ < |∆M | < 9σ of the invariant mass distribution, where ∆M is
the deviation between the invariant mass of the candidate and the mean of a Gaussian
function describing the signal peak and σ is the Gaussian width. The training procedures
are the same as reported in ref. [2]. Before the training, loose kinematic and topological
selections were applied to the D-meson candidates. The D-meson candidate information
used for training the BDT models was mainly based on the displacement of the tracks from
the primary vertex, the impact parameter of the D-meson daughter tracks, the distance
between the D-meson decay vertex and the primary vertex, the cosine of the pointing
angle between the D-meson candidate line of flight (the vector connecting the primary and
secondary vertices) and its reconstructed momentum vector, and the PID information of
the decay tracks. Independent BDTs were trained for each D-meson species and pT interval
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in the multiplicity-integrated sample. Subsequently, the BDTs were applied to the real data
sample in which the type of candidate is unknown. The BDT outputs are related to the
candidate probability to be a non-prompt D meson or combinatorial background. Selections
on the BDT outputs were optimised to obtain a high non-prompt D-meson fraction while
maintaining a reliable signal extraction (with statistical significance larger than 5).

The signal extraction was performed in each pT and multiplicity interval via a binned
maximum-likelihood fit to the candidate invariant-mass distribution. The raw yields could
be extracted in the transverse momentum interval 1 < pT < 24 GeV/c and in six subranges,
for both D0 and D+ mesons. A Gaussian function and an exponential function were used
to describe the signal peak and the background distribution, respectively. To improve
the stability of the fits, the widths of the D-meson signal peaks were fixed to the values
extracted from data samples dominated by prompt candidates, given the naturally higher
abundance of prompt compared to non-prompt D mesons. In addition, for the D0 meson,
the contribution of signal candidates to the invariant-mass distribution with the wrong
decay-particle mass assignment (reflections) was included in the fit. It was parameterised
by fitting the invariant-mass distribution of reflections with a double Gaussian function, and
normalised according to the reflection-to-signal ratio from the PYTHIA 8 simulations. The
contribution of reflections to the raw yield is about 0.5%–4%, increasing with increasing pT.
Examples of invariant-mass fits with different contribution of signal from beauty-hadron
decays in the 2 < pT < 4 GeV/c interval for the lowest multiplicity class and in the
1 < pT < 24 GeV/c interval for the highest multiplicity class are shown in figure 1 and
figure 2 for D0 and D+ mesons, respectively. Based on the selections on the BDT outputs,
samples dominated by non-prompt (prompt) candidates were selected by requiring low
probability for a candidate to be combinatorial background and a high (low) probability
to be non-prompt. The invariant-mass fits from non-prompt (prompt) enhanced samples
are shown in each right (left) panel, indicating the corresponding selection applied on the
BDT output score related to the probability to be a non-prompt D meson.

In each pT and multiplicity interval, the fraction of non-prompt D mesons, fnon-prompt,
was estimated by sampling the raw yield with different BDT selections related to the
candidate probability of being a non-prompt D meson. In this way, a set of raw yields
Yi (index i refers to a given selection on the BDT output) with different contributions
from prompt and non-prompt D mesons was obtained. These raw yields are related to
the corrected yields of prompt (Nprompt) and non-prompt (Nnon-prompt) D mesons via the
acceptance-times-efficiency (Acc× ε) factors as

(Acc× ε)prompt
i ×Nprompt + (Acc× ε)non-prompt

i ×Nnon-prompt − Yi = δi. (3.1)

In the above equation, the δi term represents a residual originating from the uncertain-
ties on Yi, (Acc× ε)non-prompt

i , and (Acc× ε)prompt
i . The Acc× ε factors were obtained from

MC simulations as described in section 2. They are different for prompt and non-prompt
D mesons due to the different decay topology. Since the resolution of the reconstructed
primary vertex depends on the multiplicity, the simulated events were weighted to repro-
duce the charged-particle multiplicity distribution measured in data for events that contain
D-meson candidates having an invariant mass compatible with the one of the signal. After
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Figure 1. Invariant-mass distribution of D0 candidates and their charge conjugates in selected pT
and multiplicity intervals. The blue solid curves show the total fit function and the red dashed curves
show the combinatorial-background contribution. The green solid lines represent the reflection
contribution. The raw-yield (S) values are reported together with their statistical uncertainties
resulting from the fit. Top row: D0 mesons in the 2 < pT < 4 GeV/c interval for the low multiplicity
class. Bottom row: D0 mesons in the 1 < pT < 24 GeV/c interval for the high multiplicity class. The
corresponding BDT probability minimum threshold for the candidate selection is reported. The left
(right) column corresponds to the prompt (non-prompt) D0 meson candidates dominated sample.

that, the Acc×ε factors were computed for each BDT selection for prompt and non-prompt
D mesons within the fiducial acceptance region. In the case of the number of sets of se-
lections n ≥ 2, a χ2 function can be defined based on the set of equations of eq. (3.1),
which can be minimised to obtain Nprompt and Nnon-prompt. More details can be found in
ref. [2]. The Nnon-prompt and Nprompt values can be used to calculate the corrected fraction
of non-prompt D mesons as follows

fnon-prompt = Nnon-prompt
Nnon-prompt +Nprompt

. (3.2)

In addition, the ratio between the fraction of non-prompt D mesons measured in
each multiplicity interval and the one measured in the INEL > 0 class of events,
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Figure 2. Invariant-mass distribution of D+ candidates and their charge conjugates in selected
pT and multiplicity intervals. The blue solid curves show the total fit function and the red dashed
curves show the combinatorial-background contribution. The raw-yield (S) values are reported
together with their statistical uncertainties resulting from the fit. Top row: D+ mesons in the
2 < pT < 4 GeV/c interval for the low multiplicity class. Bottom row: D+ mesons in the 1 < pT <

24 GeV/c interval for the high multiplicity class. The corresponding BDT probability minimum
threshold for the candidate selection is reported. The left (right) column corresponds to the prompt
(non-prompt) D+ meson candidates dominated sample.

fmult
non-prompt/f

INEL>0
non-prompt, was computed in multiplicity and pT intervals in order to inves-

tigate the modification of the non-prompt fraction with respect to the one measured in the
multiplicity-integrated sample.

Figure 3 shows an example of the raw-yield distribution as a function of the BDT-based
selection used in the χ2-minimisation procedure for D0 (top panels) and D+ (bottom panels)
mesons in the transverse-momentum intervals 2 < pT < 4 GeV/c and 1 < pT < 24 GeV/c
for the low-multiplicity and high-multiplicity classes of events, respectively. The raw yield
decreases with increasing minimum threshold for the probability to be a non-prompt D me-
son, corresponding to an increasing non-prompt D fraction. Note also that the raw yields
used in this procedure are largely correlated among each other, implying that adjacent data
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Figure 3. Examples of raw-yield distribution as a function of the BDT-based selection employed
in the χ2-minimisation procedure adopted for the determination of fnon-prompt of D mesons. Top
row: D0 mesons in low multiplicity (left) and high multiplicity (right) classes. Bottom row: D+

mesons in low multiplicity (left) and high multiplicity (right) classes.

points are expected to fluctuate in the same direction. The prompt and non-prompt com-
ponents of the raw yields for each BDT-based selection obtained from the χ2-minimisation
procedure as (Acc× ε)prompt

i ×Nprompt and (Acc× ε)non-prompt
i ×Nnon-prompt, are reported

as the red and blue distributions, and their sum is represented by the green histogram.

4 Systematic uncertainties

The values of systematic uncertainty on the non-prompt D-meson fraction were estimated
with procedures similar to those described in refs. [2, 69]. They include the uncertainties
on (i) the raw-yield extraction from the invariant-mass distributions; (ii) the selection effi-

– 9 –



J
H
E
P
1
0
(
2
0
2
3
)
0
9
2

Meson D0 D+ D0 D+

pT (GeV/c) 2–4 8–12 2–4 8–12 1–2 12–24 1–2 12–24
f30−100%

non-prompt f0−0.1%
non-prompt

Raw-yield extraction 2% 2% 3% 3% 5% 2% 6% 6%
Efficiency estimation 2% 2% 4% 5% 6% 3% 5% 5%
MC multiplicity distribution 2% 1% 4% 0% 0% 0% 0% 0%
MC D-meson pT distribution 6% 3% 3% 1% 9% 3% 8% 3%

f30−100%
non-prompt/f

INEL>0
non-prompt f0−0.1%

non-prompt/f
INEL>0
non-prompt

Raw-yield extraction 2% 2% 4% 4% 4% 2% 7% 5%
Efficiency estimation 2% 3% 4% 5% 4% 2% 4% 3%
MC multiplicity distribution 0% 2% 0% 0% 1% 0% 4% 0%
MC D-meson pT distribution 4% 2% 5% 1% 0% 0% 1% 1%

Table 2. Summary of the relative systematic uncertainties on the non-prompt D0-, D+-meson
fractions in various pT and multiplicity intervals.

ciency estimation; (iii) the dependency of the efficiency on the charged-particle multiplicity;
and (iv) the D-meson pT shape in the simulation. The estimated values of the systematic
uncertainties for some representative pT intervals of D0 and D+ mesons are summarised in
table 2.

The systematic uncertainty of the raw-yield extraction was evaluated by repeating
the fits to the invariant-mass distribution varying the fit range and the functional form
of the background and signal fit functions. To further test the sensitivity to the line
shape of the signal, a bin-counting method, in which the signal yield was obtained by
integrating the background-subtracted invariant-mass distribution within the ±3σ region
relative to the peak position, was used. In the case of D0 mesons, an additional contribution
due to signal reflections in the invariant-mass distribution was estimated by varying the
normalisation and the shape of the templates used for the reflections in the invariant-mass
fits. The systematic uncertainty was defined as the RMS of the distribution of the resulting
fnon-prompt obtained from all these variations and ranges from 2% to 6% depending on the
D-meson species, multiplicity, and pT interval.

The systematic uncertainty of the selection-efficiency determination, arising from pos-
sible imperfections of the description of the decay topologies or the detector resolution in
the simulation, was estimated by using alternative sets of BDT-output selections for the
procedure described in section 3. In particular, stricter and looser selections were tested,
as well as different combinations of selections adopted to define the system of equations
described in eq. (3.1). A systematic uncertainty ranging from 2% to 6% was assigned.

To estimate the systematic uncertainty on the sensitivity of the efficiency on the
charged-particle multiplicity, due to the multiplicity dependence of the primary-vertex
reconstruction resolution, the distribution of the number of tracklets in the MC simulation
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for each V0M class of events was weighted using the one obtained in the real data consid-
ering events containing a D-meson candidate, without requiring the invariant-mass region
selection. The resulting effect on the fnon-prompt estimation ranges from 0% to 4%.

The systematic uncertainty on the efficiency calculation due to a possible difference be-
tween the real and simulated D-meson transverse-momentum distributions was estimated
by evaluating the efficiency after reweighting the pT shape from the PYTHIA 8 generator
to match the one from FONLL calculations, in addition to the reweighting of the multi-
plicity distribution mentioned above. The weights were applied to the pT distributions of
prompt D mesons and to the parent beauty-hadron pT distributions in case of non-prompt
D mesons. The assigned uncertainty ranges from 1% to 9%.

The aforementioned sources of systematic uncertainty were assumed to be uncorrelated
among each other. The total systematic uncertainty is defined as the square root of the
quadratic sum of the estimated values in each pT and multiplicity interval. In order to
assess the correlation between the systematic uncertainties on fnon-prompt in the different
multiplicity intervals with respect to the one in the INEL > 0 sample, the effect of the
variations and the estimation of the uncertainties were directly evaluated on the ratio
fmult

non-prompt/f
INEL>0
non-prompt.

5 Results

The measured fractions of D-mesons originating from beauty-hadron decays, fnon-prompt,
in pp collisions at

√
s = 13 TeV are shown in figure 4 as a function of pT. The results are

reported in different panels for D0 (left) and D+ (right) mesons and for the INEL > 0 class
(top panels) and the three multiplicity classes of events (lower panels). The statistical and
total systematic uncertainties are shown by vertical error bars and boxes, respectively. In
all the event classes and for both D0 and D+ mesons, fnon-prompt increases with pT from
5%–7% to about 10%. This increase is motivated by the harder pT distribution of beauty
hadrons compared to the charm ones, which is only partly compensated by the b→ D + X
decay kinematics [2, 40]. The fraction of non-prompt D0 mesons is slightly larger than
that of D+ mesons, as a consequence of the different branching ratios of B mesons with a
D0 or D+ meson in the final state, and of the different charm-quark fragmentation frac-
tions for the prompt D-meson production. This increasing trend is expected from pQCD
calculations, as shown in ref. [46]. Measurements are compared to predictions from the
PYTHIA 8 [49, 84] and EPOS [61, 85] event generators. PYTHIA 8 simulations were
obtained using the standard Monash 2013 tune [50] as well as with colour reconnection set-
tings beyond-leading-colour approximation [52], and with colour ropes [84] using PYTHIA
version 8.307. Both the version 3.448 and 4.0.0 of the EPOS MC generator were tested. In
EPOS 4, parallel partonic scatterings based on the S-matrix theory are implemented, lead-
ing to the factorisation of the hard and soft scales, particularly important for heavy quarks.
This factorisation allows the computation of the PDFs within the EPOS framework itself.
The EPOS predictions presented in this paper do not include a hydrodynamic expansion
of the system. However, the results were found not to significantly change if the latter is
included. Following what was done for data, all PYTHIA 8 and EPOS simulations were
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13 TeV. The measurements are compared with the predictions obtained with PYTHIA 8 [52] and
EPOS [61] event generators.
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selected according to percentiles of the INEL > 0 cross section based on the charged-particle
multiplicity counts in the ALICE V0A and V0C acceptance. While all models qualitatively
reproduce the increase of fnon-prompt with increasing pT, EPOS significantly underpredicts
fnon-prompt of D+ mesons and D0 mesons in the INEL > 0 and in the lowest multiplicity
classes of events, by up to a factor of two. Moreover, EPOS 3 predicts a slightly stronger
multiplicity dependence compared to EPOS 4. On the other hand, PYTHIA 8 is generally
closer to data but overpredicts fnon-prompt by approximately 20–30%. No significant differ-
ence in the various PYTHIA 8 settings tested in this work is observed, with the exception
of the CR-BLC Mode 3 setting, which predicts a lower D+ and D0 non-prompt fraction es-
pecially in the two highest multiplicity intervals, providing a better description of the data.

The ratio of the D-meson non-prompt fractions in the multiplicity classes relative to
that in the INEL > 0 class, fmult

non-prompt/f
INEL>0
non-prompt, is shown in figure 5 as a function of

transverse momentum for the three multiplicity classes. This double ratio isolates the rela-
tive variation of fnon-prompt as a function of the charged particle multiplicity from absolute
scaling factors. The double ratio of D0 and D+ was found to be compatible for all the mul-
tiplicity classes as expected. In order to improve the statistical precision, the average D0

and D+ fmult
non-prompt/f

INEL>0
non-prompt was computed. The average was computed using the inverse

of the quadratic sum of the relative statistical and uncorrelated systematic uncertainties as
weights. The systematic uncertainties were propagated through the averaging procedure
considering the contributions from the raw-yield extraction and the selection efficiency as
uncorrelated, while the other sources as fully correlated between the two D-meson species.
In all multiplicity classes, the measured ratio is compatible with unity within uncertain-
ties. This finding suggests similar production mechanisms of charm and beauty quarks as
a function of multiplicity. The expectation obtained with EPOS 3 shows a modification
of the pT spectrum different for charm and beauty hadrons due to their different mass,
which is not supported by the measurement. A qualitatively similar behaviour is obtained
with EPOS 4, which is more in agreement with the data, except for pT < 4 GeV/c in low-
multiplicity events. All the PYTHIA 8 configurations reproduce the measurements within
the uncertainties, indicating a small influence of the hadronisation in the multiplicity depen-
dence, except for the CR-BLC Mode 3 setting, which underestimates the data at low pT in
the high-multiplicity class of events. The data points are further compared to a CGC model
that includes the three-pomeron exchange mechanism [57]. In this model, the transition
from the beauty quark to the charm hadron is modelled in a single step using f(b → Hc)
fragmentation functions measured in e+e− collisions [86]. Even though these fragmentation
functions were shown to be unable to reproduce the measured cross sections of non-prompt
D mesons in previous studies [2], they cancel in the fmult

non-prompt/f
INEL>0
non-prompt ratio and for

this observable the CGC predictions are consistent with the data within uncertainties.
The specific multiplicity dependence of fmult

non-prompt/f
INEL>0
non-prompt can be studied in more

detail by plotting the values obtained in each individual transverse momentum interval as a
function of the charged-particle multiplicity density normalised to the value corresponding
to the INEL > 0 class of events, as shown in figure 6. In all pT intervals, the average
D0 and D+ fmult

non-prompt/f
INEL>0
non-prompt ratio is found to be compatible with unity, indicating a

weak (if any) dependence of fnon-prompt with the charged-particle multiplicity. Comparisons
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Figure 5. Average fractions of non-prompt D0 and D+ mesons as a function of pT for different
multiplicity intervals normalised to the one measured in the INEL > 0 class of pp collisions at√
s = 13 TeV. The measurements are compared with the predictions obtained with PYTHIA 8 [52]

and EPOS [61] event generators and the CGC model.

with models reveal that the EPOS event generator predicts a multiplicity dependence at
intermediate transverse momentum (4 < pT < 6 GeV/c) which is ruled out by the data.
At low pT and multiplicity it predicts a rise of fnon-prompt which is also not supported
by the data. At lower and higher pT in the other multiplicity intervals, instead, EPOS
predicts a milder charged-particle multiplicity dependence and is hence closer to the data.
Moreover, the multiplicity-independence of CGC predictions is also consistent with the
data. Finally, most PYTHIA 8 predictions are consistent with the data, with the notable
exception of CR-BLC Mode 3 results, in which the double ratio is shown to decrease
with multiplicity. This behaviour can be further investigated by isolating the double ratio
for D mesons originating from beauty-meson and beauty-baryon decays in each of the
specific PYTHIA 8 configurations being used, as represented in figure 7. While in all
cases the fmult

non-prompt/f
INEL>0
non-prompt ratio from beauty baryons increases systematically with

multiplicity, the Mode 3 setting results in a decrease of this double ratio for D mesons
originating from B-meson decays. More specifically, a clean MC-only test can be performed
with the beyond-leading-colour tunes by calculating the ratio of baryons and mesons at
hadronisation time in PYTHIA 8 as a function of multiplicity in each model, as depicted
in figure 8. Notably, CR-BLC Mode 3 differs from other PYTHIA 8 predictions due to
the fact that, in that case, beauty quarks produce significantly more baryons, and charm
quarks produce fewer baryons than in other cases. Consequently, the fraction of non-
prompt D mesons decreases with the multiplicity as a combination of two effects. On the
one side, charm quarks hadronise more to D mesons, increasing the prompt contribution
to the D-meson production and, on the other side, beauty quarks will tend towards being
contained in baryons, which in turn will feed preferentially into charm baryons such as
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Figure 6. Average fractions of non-prompt D0 and D+ mesons as a function of multiplicity, both
normalised to the value corresponding to the INEL > 0 class, for pp collisions at

√
s = 13 TeV

in different pT intervals and integrated in 1 < pT < 24 GeV/c. The measurements are compared
with predictions obtained with the PYTHIA 8 [52] and EPOS [61] event generators and the CGC
model [57].
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Figure 7. Fractions of non-prompt D0 (first row) and D+ (second row) mesons in 1 < pT <

24 GeV/c as a function of multiplicity for pp collisions at
√
s = 13 TeV compared with predictions

obtained with the PYTHIA 8 [52] event generator. The contributions from beauty meson and
baryon decays in PYTHIA 8 are displayed separately.

the Λ+
c baryon. This strong preference towards beauty baryons is not favoured by current

ALICE data, which essentially rules out the CR-BLC Mode 3 dynamics in favour of models
in which fnon-prompt tends to either remain constant or increase slightly with multiplicity.
Future studies of meson and baryon production in the beauty sector as a function of the
charged-particle multiplicity will allow for firmer conclusions.

6 Summary

The fractions of the D0 and D+ mesons originating from beauty-hadron decays, fnon-prompt,
were measured at midrapidity (|y| < 0.5) in pp collisions at

√
s = 13 TeV in events with

at least a charged particle at midrapidity (INEL > 0 class of events) and as a function
of charged-particle multiplicity and transverse momentum. Events with different charged-
particle multiplicities were selected as percentiles of the INEL > 0 cross section based
on the charged-particle multiplicity counts in the ALICE V0A and V0C at forward and
backward rapidity. The D+ and D0 fnon-prompt were observed to slightly increase from
about 5%–7% for 1 < pT < 3 GeV/c to about 10% for 8 < pT < 24 GeV/c. The ratios
fmult

non-prompt/f
INEL>0
non-prompt are compatible with unity both as a function of pT and charged-

particle multiplicity, suggesting either no or only a mild multiplicity dependence. This
finding suggests a similar production mechanism of charm and beauty quarks as a function
of multiplicity.
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Figure 8. Fraction of charm and beauty quarks hadronising to baryons as a function of the charged
particle multiplicity at midrapidity in PYTHIA 8 [52] simulations with different tunes.

The measured fnon-prompt values are compared to predictions obtained with differ-
ent MC generators. The EPOS 3 and EPOS 4 generators tend to underestimate the
measurements, while PYTHIA 8 with different tunes, including the colour reconnection
mechanism beyond leading colour approximation and colour ropes, slightly overestimates
the data. The variation of fnon-prompt with multiplicity is satisfactorily described by the
MC simulations except for the 4 < pT < 6 GeV/c interval, where the EPOS generator
predicts a significant increase. In all the considered pT intervals, the CR-BLC Mode 3 tune
of PYTHIA 8 foresees a decrease at high multiplicity. In that tune, this decrease with
increasing multiplicity is motivated by an interplay between an increased fraction of charm
quarks hadronising into mesons and an increased fraction of beauty quarks hadronising
into baryons and is not favoured by data. Despite the fragmentation functions adopted
prevented to reproduce the measured cross sections of non-prompt D mesons in previous
studies [2], the ratio fmult

non-prompt/f
INEL>0
non-prompt is also described well by the CGC model. The

comparison between data and theory models suggests a similar multiplicity dependence
of charm- and beauty-hadron production and in particular, a different evolution of the
baryon-to-meson ratio in the charm and beauty sectors is disfavoured.

The measurements presented in this paper provide an important test for production
and hadronisation models in the charm and beauty sectors, and they pave the way for future
studies of beauty-hadron production in pp collisions as a function of the charged-particle
multiplicity.
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