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ABSTRACT: The production cross sections of D, DT, and AT hadrons originating from beauty-
hadron decays (i.e. non-prompt) were measured for the first time at midrapidity in proton—
lead (p—Pb) collisions at the center-of-mass energy per nucleon pair of \/syy = 5.02 TeV.
Nuclear modification factors (Rpp1,) of non-prompt DY DT, and AS are calculated as a
function of the transverse momentum (pr) to investigate the modification of the momentum
spectra measured in p—Pb collisions with respect to those measured in proton—proton (pp)
collisions at the same energy. The R,p;, measurements are compatible with unity and with the
measurements in the prompt charm sector, and do not show a significant pp dependence. The
pr-integrated cross sections and pr-integrated Rppy, of non-prompt DY and D" mesons are
also computed by extrapolating the visible cross sections down to pp = 0. The non-prompt
D-meson Rppy, integrated over pr is compatible with unity and with model calculations
implementing modification of the parton distribution functions of nucleons bound in nuclei
with respect to free nucleons. The non-prompt A7 /DY and D*/D? production ratios are
computed to investigate hadronisation mechanisms of beauty quarks into mesons and baryons.
The measured ratios as a function of pp display a similar trend to that measured for charm
hadrons in the same collision system.
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1 Introduction

Measurements of heavy-flavour hadron production in hadronic collisions provide crucial tests
for calculations based on quantum chromodynamics (QCD). Due to their large masses with
respect to the QCD energy scale, heavy quarks (i.e. charm and beauty) are primarily produced
at the early stages of the collision via hard-scattering processes with large momentum transfer,
legitimising the calculations of inclusive production cross sections via perturbative QCD
(pQCD). These calculations rely on a factorisation scheme where the pp-differential production
cross sections of charm or beauty hadrons are calculated as a convolution of three terms:
(i) the parton distribution functions (PDFs) of the incoming nucleons, which describe the
Bjorken-z distributions of quarks and gluons within the incoming hadrons, (ii) the partonic
scattering cross section, calculated as a perturbative series in powers of the strong coupling
constant ag, and (iii) the fragmentation function parametrising the non-perturbative evolution
of a heavy quark into a given heavy-flavour hadron species. The fragmentation functions are
determined from measurements in e*te™ collisions [1] and used to compute the production
cross section in hadronic collisions, under the assumption that the relevant hadronisation
processes are “universal”, i.e. independent of the collision energy and system.

To isolate the effects of hadronisation, heavy-flavour hadron-to-hadron production yield
ratios are especially effective, since the PDFs and the partonic interaction cross sections are
common to all charm or beauty hadron species and their effects cancel out in the yield ratios
when using the factorisation approach. Measurements of non-strange charm and beauty-
meson production cross sections in pp and p—Pb collisions at the LHC [2-12] show that



the meson-to-meson ratios are described by the pQCD calculations at next-to-leading order
accuracy with all-order resummation of next-to-leading logarithms, such as FONLL [13, 14]
and GM-VFENS [15-18], and by PYTHIA 8 event generator using the Monash tune [19, 20],
which is tuned on eTe™ collisions. However, all these calculations largely underpredict the
production of charm and beauty baryons [21-24]. In addition, charm and beauty baryon-
to-meson yield ratios, measured at mid- and forward rapidity at the LHC, show significant
deviations from the values measured in ete™ collisions [21-35], indicating that the assumption
of universality of the hadronisation process across collision systems might no longer be valid
at the LHC [6, 14, 36]. The reconstruction of prompt charm hadrons, which are produced
from the decay of excited charm states or from charm-quark hadronisation, and of non-
prompt charm hadrons, which stem from the decay of beauty hadrons, provides a good
approach for probing the distinct sectors of charm and beauty. The prompt charm baryon-
to-meson production ratios were measured in p—Pb collisions by the LHCb Collaboration at
both forward (1.5 < yjap < 4.0 in the laboratory-frame) and backward (—5.0 < yjap < —2.5)
rapidity regions [31, 37]. Comparatively, these findings indicate an augmented baryon-to-
meson yield ratios measured at forward /backward rapidity with respect to the corresponding
measurements in eTe~ and ep collisions, although this is smaller compared to the enhancement
observed when considering midrapidity measurements [22, 26, 29]. In the beauty sector, the
ALICE Collaboration measured production cross sections of non-prompt D® and A} hadrons
at midrapidity (Jy| < 0.5) in pp collisions at /s = 13 TeV [35]. The measured baryon-to-meson
production ratio shows an enhancement similar to that observed in the charm sector, and
the enhancement at midrapidity is similar to the one observed at forward rapidity by the
LHCb Collaboration measuring the AQ-baryon production relative to that of B mesons in
pp and p—Pb collisions [24, 32-34]. Modification of charm and beauty baryon-to-meson
ratios from eTe™ to pp and p-Pb collisions suggests the influence of the hadronic or partonic
environment on the hadronisation process [38]. Further hadronisation effects, apart from pure
in-vacuum fragmentation, like recombination (or coalescence) of charm quarks with quarks or
di-quarks from a thermal medium [39-42], statistical hadronisation including contributions
from undiscovered higher-mass resonant states [43-45], and string formation beyond the
leading-colour approximation [46, 47], serve as examples of implementations considered by
theorists to refine the modelling of hadronisation to baryons.

Measurements of heavy-flavour hadron production in proton—nucleus collisions also allow
to study various effects related to the presence of nuclei in the colliding system, denoted
as cold-nuclear-matter (CNM) effects. In the initial state of the collisions, the PDFs of
inbound nucleons are modified by the nuclear environment as compared to free nucleons,
depending on the parton momentum fraction z, the squared momentum transfer Q2 in the
hard scattering processes, and the nucleus mass number A [48, 49]. At LHC energies and
midrapidity (|yap| < 0.5), the most relevant effect on the PDF is called shadowing. It
corresponds to a reduction of the parton densities at = lower than 1072, which becomes
stronger when Q? decreases and the nucleus mass number A increases. This effect, induced
by the high phase-space density of small-z partons [50-53], can be described within the
factorisation scheme by means of phenomenological parametrisations, denoted as nuclear
PDFs (nPDFs). The modification of the small-z parton dynamics can significantly reduce
the charm and beauty hadron yield with respect to pp collisions at low pp. Furthermore,



multiple scattering of partons in the nucleus can modify the kinematic distribution of the
produced hadrons. Partons can lose energy in the initial stages of the collision via initial-state
radiation [54] or experience transverse momentum broadening due to multiple soft collisions
before the heavy-quark pair is produced [55, 56]. These initial-state effects are expected to
have an influence on charm-hadron production at low and intermediate pr (pr < 4 GeV/c).
For this reason, measurements of the charm- and beauty-hadron production cross section
and its nuclear modification factor R,pp, which is defined as the ratio of the production
cross section in p—Pb to that in pp collisions scaled by the mass number of the Pb nucleus
(App), down to low pp could provide important information, helping to significantly reduce
the uncertainties on the gluon nPDFs at small x [57, 58].

In addition to the aforementioned initial-state effects, final-state effects may also be
responsible for modifications of heavy-flavour hadron yields and momentum distributions.
Measurements in the light- and heavy-flavour sectors in high-multiplicity pp and p—Pb col-
lisions at different collision energies showed significant flow-like effects [21, 59, 60]. These
effects resemble those observed in high-energy nucleus—nucleus collisions and are ascribed to
quark—gluon plasma formation. In this picture, particles of larger mass are boosted to higher
transverse momenta due to a common velocity field [61]. However, baryon production at inter-
mediate pp may also be enhanced as a result of hadronisation via quark recombination [62].

The ALICE and CMS Collaborations measured the R,py, of D and B meson in p-Pb
collisions, finding values close to unity within the rapidity ranges |yiap| < 0.5 [63] and |yiap| <
2.4 [64], respectively. In contrast, the LHCb Collaboration measurements at forward (2.5
< Yiab < 3.5) and backward rapidity (-3.5 < yiap < -2.5) [34], evidence a suppression of up
to 20% for beauty mesons in the forward rapidity interval and no significant suppression
in the backward rapidity interval. Model calculations based on nPDFs describe well these
observations.

In the baryon sector, the ALICE Collaboration found that the A7 Rppy, depends on
pr, being below unity at low pp and above unity at high pr [26]. Simulations based on
POWHEGHPYTHIA 6 [65, 66|, combined with EPPS16 nPDF [53], reproduce the results at
low pt but do not describe the measured trend at intermediate pt. The Ag measurements
in p—Pb collisions at large rapidities by the LHCb Collaboration are consistent with the
corresponding measurements in pp collisions within uncertainties [34].

In this article, possible effects related to the modification of hadronisation mechanisms,
and initial and final-state effects at midrapidity (|yjap| < 0.5) in p—Pb collisions in the beauty
sector are investigated. The pp-differential production cross sections and nuclear modification
factors of non-prompt D°, D*, and A} hadrons in p-Pb collisions at V/SNN = 5.02TeV are
reported. The D meson is reconstructed in the interval 1 < pr < 24 GeV/c, while the
D* and A hadrons are reconstructed in the interval 2 < pr < 24 GeV/c. By integrating
the pr-differential results and extrapolating to pr = 0 using pQCD calculations, the pr-
integrated non-prompt D? and Dt production cross sections are computed. The paper is
organised as follows. Section 2 describes the ALICE apparatus and the analysed data samples.
Section 3 details the analysis methods used and outlines the corrections applied to calculate
the pr-differential production cross sections. Section 4 describes the sources of systematic
uncertainty. The results are presented in section 5. Finally, a summary is given in section 6.



2 Experimental setup and data sample

The ALICE apparatus [67] consists of a set of detectors for particle reconstruction and
identification at midrapidity (|n| < 0.9) embedded in a solenoidal magnet, a forward (—4 <
7 < —2.5) muon spectrometer, and a set of forward and backward detectors for triggering
and event characterisation. Typical detector performance in pp, p—Pb, and Pb—Pb collisions
is presented in [68]. The reconstruction of heavy-flavour hadrons from their hadronic decay
products at midrapidity primarily relies on the Inner Tracking System (ITS) [69], the Time
Projection Chamber (TPC) [70], and the Time-Of-Flight detector (TOF) [71] for tracking,
primary and decay vertex reconstruction, and charged-particle identification (PID). The VO
detector arrays [72] are used for triggering and event selection.

The data sample used in this analysis are from proton-lead collisions at \/syn = 5.02 TeV
collected in 2016. The events were recorded with a minimum-bias (MB) interaction trigger
that required coincident signals in both scintillator arrays of the VO detector, which covers
the full azimuth in the pseudorapidity intervals —3.7 < n < —1.7 and 2.8 < n < 5.1. The V0O
timing information was used together with that from the Zero-Degree Calorimeter (ZDC) [68]
for offline rejection of beam-beam or beam-gas interactions occurring outside the nominal
colliding bunches.

To ensure uniform acceptance in pseudorapidity, events were required to have a re-
constructed collision vertex located within £10 ¢m from the nominal collision point along
the beam-line direction. Events composed of several interactions per bunch crossing, whose
probability was below 0.5%, were rejected using an algorithm based on track segments,
defined within the two innermost ITS layers, to detect multiple interaction vertices [68]. The
influence of potentially remaining pile-up events is on the percent level and does not have
an impact on the final results of the presented analysis. After these selections, the data
sample consisted of about 600 million events, corresponding to an integrated luminosity
Lint =292+ 11 pb~! [73]. During the p—Pb data taking period, the beam energies were 4 TeV
for protons and 1.58 TeV per nucleon for lead nuclei. With this beam configuration, the
nucleon—nucleon center-of-mass system moves in rapidity by Ayems = 0.465 in the direction of
the proton beam. The charm-hadron analyses were performed in the laboratory-frame interval
|y1ab| < 0.5, leading to a shifted center-of-mass rapidity coverage of —0.96 < yems < 0.04.

3 Analysis technique

3.1 Non-prompt D°, D, and Aj‘ raw yields

The DY, DT, and A} charm hadrons, along with their charge conjugates, were reconstructed via
the following hadronic decay channels: D® — K~7+ with branching ratio BR = (3.95+0.03)%,
Dt — 77K 7" with BR = (9.38 + 0.16)%, AT — pK 7" with BR = (6.28 + 0.32)%,
and AJ — pK2 with BR = (1.59 & 0.08)%, followed by K — n"n~ with BR = (69.20 +
0.05)%) [74]. The D°-, D*- and A}-hadron candidates were defined by combining pairs
or triplets of tracks reconstructed with the proper charge sign. While for the A} — pKY
candidates, the V-shaped decay of the K{ meson into two pion-track candidates was combined
with a proton-track candidate using a Kalman-Filter vertexing algorithm [75], as described
in [21]. All daughter tracks were required to be reconstructed within |n| < 0.8, with at least



70 associated space points in the TPC, x?/ndf < 2 of the fit quality of the TPC tracks
(where ndf is the number of degrees of freedom involved in the track fit procedure), and a
minimum of 2 (out of 6) reconstructed clusters in the ITS, with at least one in either of
the two innermost layers. These track-selection criteria reduce the D-meson and A -baryon
acceptance in rapidity, which drops steeply to zero for |yiap| > 0.5 at low p and for |yiap| > 0.8
at high pp. Therefore, a pp-dependent fiducial acceptance region |yi.p| < yaq(pr) was applied
to grant a uniform acceptance in the considered rapidity range. The ygq(pr) was defined as a
second-order polynomial function, increasing from 0.5 to 0.8 in the transverse momentum
range 0 < pr < 5GeV /¢, and as a constant term, ygq = 0.8, for pp > 5GeV/c.

The D°, D, and A decay weakly with a mean proper decay length (c7) of about 123,
312, and 60 um, respectively [74]. Charm hadrons coming from beauty-hadron decays are
even more displaced from the primary vertex since their estimated c7 is about 500 pm, as for
beauty hadrons. Therefore, these analyses were based on the reconstruction of decay-vertex
topologies displaced from the primary vertex and, according to the selection applied, it is
possible not only to separate candidates from the combinatorial background, but also the
contributions of prompt and non-prompt charm hadrons.

To reduce the large combinatorial background and to separate the contributions of prompt
and non-prompt charm hadrons, a machine-learning approach with multi-class classification,
based on Boosted Decision Trees (BDT), implemented in the XGBoost library [76, 77], was
adopted. For the BDT training, signal samples of prompt and non-prompt charm hadrons
were obtained from simulations using the PYTHIA 8 event generator [19] (Monash-13
tune [20]), embedded in an underlying p—Pb collision generated with HIJING 1.36 [78], to
describe better the charged-particle multiplicity and detector occupancy observed in the
data. Background samples were extracted from candidate invariant-mass distributions within
the range of 50 < |[AM| < 9o in the data, where AM represents the difference between the
candidate invariant mass and the nominal mass of the hadron candidate, and o represents
the invariant-mass resolution.

Before the training, loose selections were applied based on the decay kinematics and
topologies along with the PID information of the decay-product tracks. The PID selections
were based on the difference between the measured and expected detector signals for a
given particle species hypothesis, in units of the detector resolution (ngEt). Protons, pions,
and kaons were selected by requiring compatibility with the respective hypothesis within
three standard deviations (30) for both the TPC specific energy loss and the TOF time-
of-flight. For tracks without a measured signal in the TOF, the PID selections relied only
on information from the TPC.

Independent BDT models were trained for each pr interval of the analysis of each D-
meson species and the two A} decay channels using different variables related to the displaced
decay-vertex topology and the PID information of the decay tracks. The main variables used
were (i) the distance of closest approach between the reconstructed tracks and the primary
vertex, (ii) the distance between the charm-hadron decay vertex and the primary vertex,
(iii) the charm-hadron impact parameter, (iv) the cosine of the pointing angle between the
charm-hadron candidate line-of-flight and its reconstructed momentum. In the case of the
Af — ng decay, additional training variables related to the decay topology of the K(S] and



A} were used as in [21]. The three BDT output scores are related to the candidate probability
of being a prompt charm hadron, a non-prompt charm hadron, or combinatorial background.
Selections on the non-prompt and combinatorial background BDT scores, corresponding to a
requirement of a low probability for a candidate to be combinatorial background and a high
probability to be non-prompt, were optimised to obtain a high non-prompt charm-hadron
fraction in the inclusive signals while maintaining a reliable signal extraction, meaning a
statistical significance larger than 3, as done in [2, 79].

The raw yields of D°, D*, and A} hadrons, including particles and antiparticles, were
extracted via binned maximum-likelihood fits to the invariant-mass (M) distributions of the
selected charm-hadron candidates. The raw yields were extracted in transverse-momentum
intervals in the range 1 < pr < 24 GeV/c for D? mesons, and 2 < pr < 24 GeV/c for
D* mesons and A7 baryons. The fitting function was composed of an exponential or
polynomial term for describing the background and a Gaussian term for the signal. To
improve the stability of the fits, the widths of the charm-hadron signal peaks were fixed
to the values extracted from data samples enhanced with prompt candidates, given the
naturally larger abundance of prompt compared to non-prompt charm hadrons. As part
of the systematic uncertainty analysis, the width parameter was varied to determine its
impact on the systematic uncertainty associated with the raw-yield extraction. For the
D° mesons, the contribution of signal candidates to the invariant-mass distribution with
the wrong mass assigned to the D°-decay tracks, referred to as reflections, was included in
the fit, and estimated as explained in [79]. The contribution of reflections to the raw yield

is about 1-2%, depending on pr. Examples of invariant-mass distributions together with

raw
non-prompt

figure 1, for the 3 < pr < 4 GeV/c, 5 < pr < 6 GeV/c, and 4 < pp < 8 GeV/c intervals
of the DY, D™, and A} hadrons, respectively.

the result of the fits and the estimated non-prompt fractions ( ) are reported in

3.2 Yield corrections and non-prompt fraction estimations

The pr-differential production cross sections of non-prompt D°, D*, and A} hadrons at
midrapidity were computed as:

2 H. raw X NHC+HC,raw
d2o _ 1 y non-prompt(pT) (pT) y1ab| <y (o1) 1 (3 1)

dprdyl, o 2 Apmxcay(pr) X (Ace x )omomei(pr) - BR X L

where NHetHeraw (sum of particles and antiparticles) represents the raw yields extracted in
each pp interval, and the factor 1/2 is included to account that the raw yields contain both
particles and antiparticles, while the production cross sections are given as an average of
particles and antiparticles. The fi& o0
needed to account for the residual contribution of prompt charm hadrons in the extracted

factor represents the raw non-prompt fraction

non-prompt raw yields. In addition, the yields were further divided by the width of the pr
interval (Apr), the correction factor for the rapidity coverage ca,, computed as the ratio
between the generated hadron yield in Ay = 2ygq and that in |yp| < 0.5, as explained in [63],
as well as the acceptance times efficiency of non-prompt charm hadrons (Acc x g)non-prompt,

the BR of the decay channel, and the integrated luminosity Lint.
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Figure 1. Invariant-mass distributions of D%-, D*- and A}-hadron candidates, and their charge
conjugates in selected pr intervals. The blue solid lines show the total fit functions as described in
the text and the red dashed lines show the fit function describing the combinatorial background. For
D%-meson candidates, the solid green line represents the contribution of the reflections. The mean (1)
and fixed standard deviation (o) of the signal fit function, along with the raw-yield (S) values, are
reported together with their statistical uncertainties resulting from the fit. The fraction of non-prompt
candidates in the measured raw yield (fiay ,ompt) 1S reported with its statistical and systematic
uncertainties.

Possible differences in the pr shape of prompt and non-prompt charm hadrons between
data and Monte Carlo (MC) simulations were corrected by weighting the simulated pp
distribution of prompt charm hadrons and of the beauty-hadron parent, respectively. For
D mesons, the weights were computed by dividing the pr spectrum predicted by FONLL
calculations and the one obtained from PYTHIA 8 simulations. The FONLL pr spectra of
prompt and non-prompt D mesons in p—Pb collisions were computed using the predictions
in pp collisions at /s = 5.02TeV [13, 80|, assuming that the R,p, of D and B mesons
are compatible with unity, in the rapidity range of this study. This assumption is based
on the D-meson Rppp, measurements at /sy = 5.02TeV at midrapidity by the ALICE
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Figure 2. Acceptance-times-efficiency factors for D, D*, and A} hadrons as a function of pr.

Collaboration [63] and B-meson R,py, measurements at /syn = 8.16 TeV at forward /backward
rapidity by the LHCb Collaboration [34], that are in agreement with models that predict B-
meson R,pp, values compatible with unity at midrapidity, within the theoretical uncertainties.
The energy dependence of the R,p;, measurement is neglected. The procedure to compute
the pr spectrum based on FONLL calculations for the prompt AJ (A?) hadrons takes into
account three essential components: the FONLL predicted pr distribution for prompt D° (B)
mesons in pp collisions at /s = 5.02 TeV, the prompt Af /D% (A?/BP) ratio [21, 32] in the
same collision system and energy, and the prompt AT Rypp at /Sy = 5.02 TeV measured by
the ALICE Collaboration [21]. The weights on prompt AT (Ag) prt shape were derived as the
product of these three components divided by the prompt Al (AY) MC pr distribution from
PYTHIA 8. In addition, the weights on non-prompt Al were derived from A% based on the
pr correlation between A% and non-prompt A} from A% decays simulated by PYTHIA 8.

The (Acc X €) correction was obtained from simulations, as described in section 3.1, using
samples not employed for the BDT training. The (Acc x ¢) factors, computed for non-prompt
DY DT, and A} hadrons as a function of pr, after applying all the selections, are shown in



figure 2. The selection applied to obtain the non-prompt enhanced samples strongly suppresses
the prompt charm-hadron efficiency. The prompt charm-hadron acceptance-times-efficiency
(Acc x €) is smaller than the non-prompt one by factors varying from 20 to 60 for D mesons
and 5 to 13 for AF baryons, depending on the pr interval.

A data-driven procedure, based on the construction of data samples with different abun-

T

dances of prompt and non-prompt candidates, was used to estimate the fraction fig\ ompt

of non-prompt D?, D*, and AT hadrons in the extracted yields. Let i € {1;n} designate a
set among n € N selection sets. Each set of BDT selection ¢ is associated with an extracted

raw-yields value (Y;), which relates to the corrected yield of prompt (Nprompt) and non-prompt
prompt

(Nnon—prompt) charm hadrons via the corresponding prompt (Acc x ¢); and non-prompt

_ t .
(Acc x g)°"TPIMPY efficiency as follows:

(Acc x )PP 5 Nprompt + (Acc X 5)?0n'pr°mpt X Nnon-prompt — Yi = 0; (3.2)
where §; represents a residual that accounts for the equation not holding precisely due to
the uncertainties of V;, (Acc x &)/ PP “and (Acc x £)P™P*. In the case of n > 2 sets,
a x2 function can be defined based on eq. 3.2, which can be minimised to obtain Nprompt
and Npon-prompt @s explained in [2, 35].

Figure 3 shows an example of the raw-yield distribution as a function of the BDT-based
selection employed in the minimisation procedure for D? mesons in 3 < pt < 4 GeV/c (left
panel). The leftmost data point of the distribution is the raw yield corresponding to the looser
selections on the BDT outputs related to the candidate probability of being a non-prompt
charm hadron. In contrast, the rightmost one corresponds to the tightest selections. The
right panel shows the pr distributions of the raw non-prompt fraction fie\ .. obtained for
the set of selection criteria adopted in the analysis for non-prompt DY, D*, AY — pK— 7+,
and A — pK. The fraction fraw o of D DT, and Al hadrons ranges from 42 to 90%
depending on the decay channel and the pr interval.

4 Systematic uncertainties

The measurement of the pp-differential production cross section of non-prompt charm hadrons
was affected by the following sources of systematic uncertainties: (i) extraction of the raw yield
from the invariant-mass distribution, (ii) non-prompt fraction estimation, (iii) corrections
to the generated pr shape in simulations, (iv) charm-hadron selection efficiency, and (v)
track-reconstruction efficiency. The systematic uncertainties of the PID selection efficiency
were found to be negligible, as observed in prompt charm hadron measurements [21, 63]. In
addition, the pp-differential production cross section was affected by the uncertainties on the
branching ratios of the considered charm-hadron decays [74] and a systematic uncertainty
on the overall normalisation induced by the uncertainties on the integrated luminosity of
3.7% [73]. The values of the systematic uncertainties for some representative pr intervals
were summarised in table 1. The contributions of the different sources were considered to be
uncorrelated and were summed in quadrature to obtain the total systematic uncertainty.
The systematic uncertainty on the raw yield extraction was evaluated for each charm-
hadron species by repeating the fits to the invariant-mass distribution for each pr interval of
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Figure 3. Left panel: example of raw-yield distribution as a function of the BDT-based selection

employed in the data-driven procedure adopted to determine fi& ..o Of D? mesons. Right panel:

non-prompt iractions as a function of pr obtained for the set of selection criteria adopted in the analysis

for non-prompt DY, DT, AF — pK~nt, and Al — pK2. The vertical bars and empty boxes represent
the statistical and systematic uncertainties, respectively.

Hadron DY (= K~nt) | DT (- aTK at) | A (= pK~nt) | A (— pKY)
pr (GeV/e) 1-2 10-12 2-3 10-12 2—4 12-24 2-4 812
Signal yield 3% 2% 6% 5% 7% 15% 10% 9%
Fraction estimation | 3% 1% 2% 3% 10% 15% 10%  10%
pr shape in MC 7% 0% 1% 0% 5% 0% 5% 0%
Selection efficiency 5% 4% 6% 3% 8% 8% 7% 7%
Tracking efficiency | 2.0% 2.5% | 3.7% 4.0% 6.0% 6.0% 50% 5.0%
Branching ratio [74] 0.8% 1.7% 5.1% 5.0%
Luminosity [73] 3.7%

Table 1. Summary of the relative systematic uncertainties on the measurement of non-prompt DO,
DT, and A production cross sections in different pr intervals.

the analyses, varying the fit range, the functional form of the background fit function, the bin
size of the invariant mass spectrum, and the width of the Gaussian function used to model
the signal peaks. The latter was varied within the uncertainty of the value obtained from the
fits to the prompt candidate enhanced data sample. The systematic uncertainty was defined
as the root mean square of the distribution of the signal yields obtained from the described
variations and ranged from 2 to 15% depending on the hadron species and the pr interval.

The systematic uncertainty on the value of fi&l oyt Obtained with the data-driven
approach was estimated by varying the number of BDT selections employed in the data-
driven method as described in section 3.2. A systematic uncertainty ranging from 1 to
15% was assigned.

The systematic effect due to the dependence of the efficiencies on the generated pr

distribution of heavy-flavour hadrons was estimated by evaluating the production cross
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section after weighting the pr shape of the PYTHIA 8 generator to match the central one
predicted by FONLL calculations, as well as the upper- and lower-edge of the predictions
which account for the uncertainties due to the choice of the heavy-quark masses, factorisation
and renormalisation scales, and the uncertainties on the CTEQ6.6 PDFs [81]. The weights
were applied to the pt distributions of prompt charm hadrons and of the beauty hadron parent
in the case of non-prompt charm hadrons. The assigned systematic uncertainty, considering
the root mean square of the production cross section distributions obtained for minimal and
maximal FONLL predictions with respect to the central (default) ones, reached up to 7%.

The systematic uncertainty on the selection efficiency originates from imperfections
in the description of the kinematic and topological variables of the candidates and of the
detector resolutions and alignments in the simulation. It was estimated by comparing the
production cross sections obtained by repeating the analysis with different selections on the
BDT outputs, resulting in a significant modification of the efficiency values. The assigned
systematic uncertainty ranged from 3 to 8%.

The systematic uncertainties on the track reconstruction efficiency were estimated by
considering the uncertainty due to track quality selections and the uncertainty due to the TPC—
ITS track matching efficiency as discussed in [21, 63]. It ranged from 2 to 6%, depending
on the candidate species and pr interval.

5 Results

5.1 Production cross sections

The pr-differential production cross sections of non-prompt D? mesons, D+ mesons, and A
baryons in p-Pb collisions at /syny = 5.02 TeV, measured in the rapidity interval —0.96 <
Yems < 0.04, are shown in figure 4 in comparison to those measured for prompt hadrons
at the same center-of-mass energy [21, 63]. The measurement of prompt DT is the one
reported in [63], scaled for the BR = (8.98 4 0.28)% of the D™ — 77K~ 7" decay reported
in [82]. The non-prompt A} -baryon production cross section was obtained by computing
a weighted average of the production cross sections measured for the two decay channels,
AF — pK—7t and A — pK?, using the inverse of the quadratic sum of the relative statistical
and uncorrelated systematic uncertainties as weights. The systematic uncertainties related
to the tracking, luminosity, and generated pt spectrum in the MC simulations are treated
as correlated between the two decay channels; the uncertainty of the branching ratios is
partially correlated as described in [74], while all the other sources of systematic uncertainties
are considered fully uncorrelated.

The production cross section integrated in pr in the visible pr interval of the analyses and
for the results extrapolated down to pp = 0 are reported in tables 2 and 3, respectively. All the
systematic uncertainties were propagated as fully correlated among the measured pr intervals,
except for the one associated with the raw-yield extraction. The visible production cross
sections were extrapolated down to pp = 0 for non-prompt D? and DT mesons using FONLL
predictions for beauty-hadron production in pp collisions and the PYTHIA 8 generator,
employed to describe the decay kinematics of beauty hadrons (hy) into charm mesons. These
predictions were found to be compatible with the measurements performed in pp collisions,

— 11 —
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Figure 4. pr-differential production cross sections of non-prompt D DT, and A} in p-Pb collisions
at \/snn = 5.02 TeV, in comparison with the corresponding production cross section of prompt hadrons
from [21, 63]. The measurement of prompt DT mesons is the one reported in [63], with decay BR
discussed in the text. The vertical bars and empty boxes represent the statistical and systematic
uncertainties (without branching ratio and luminosity contributions), respectively.

— 12 —



Hadron | Kinematic range (GeV/c) dagglioble /AYl1yan<0.5 (1b)

DO 1<pr<24 3128 + 183 (stat.) = 187 (syst.) =116 (lumi) +24 (BR)
Dt 2<pr<24 726 £ 101 (stat.) =+42 (syst.) +27 (lumi.) +12 (BR)
Af 2<pr <24 1404 + 364 (stat.) +171 (syst.) +52 (lumi.) + 70 (BR)

Table 2. Production cross sections in the measured pr range for non-prompt charm hadrons in p—Pb
collisions at /syn = 5.02 TeV.

Hadron | Extr. factor to doppb/dYl 1y, <05 (1b)

pr >0
DO 12757001 3990 4 234 (stat.) 4282 (syst.) + 148 (lumi.) + 30 (BR) T10%(extr.)
D+ 2.21+9-05 1604 + 222 (stat.) + 111 (syst.) =+59 (lumi.) =+ 27 (BR) 739 (extr.)

Table 3. Production cross sections in the range pr > 0 for non-prompt charm hadrons in p—Pb
collisions at /syn = 5.02 TeV.

as shown in [35]. In order to take into account the different system sizes with respect to pp
collisions, the predictions were scaled by Apy,, assuming a flat B-meson R,py, at unity over the
whole pr range at midrapidity, according to LHCb data [34]. The systematic uncertainties
on the extrapolation factor were estimated by considering: (i) the FONLL uncertainties, (ii)
the beauty fragmentation fractions f(b — hy,), (iii) the branching ratios of the h;, - D + X
decays, and (iv) the variation of the pr spectrum shape using EvtGen package for the
description of the beauty-hadron decays [83]. Contribution (ii) was estimated by considering
an alternative set of beauty fragmentation fractions measured in pp collisions [1] while the
default one is from eTe™ collisions. For (iii), the branching ratios implemented in PYTHIA
8 were reweighted to reproduce the measured values reported in [74]. It is not possible to
extrapolate the non-prompt Al production cross section down to pr = 0 given the absence
of model calculations in p-Pb collisions for beauty baryons. The prompt D° has a larger
contribution from resonances, like D**, that do not feed the DT meson. The branching
ratio of B meson decays to DU is significantly higher than DT, where the production of
BY and B is similar. These factors lead to a larger production of non-prompt D° mesons
than the non-prompt DT mesons.

5.2 Nuclear modification factors

The nuclear modification factor R,py, is computed as

1 dQO'ppb/dedy
Apy, d2opp/dprdy

Rypy, = (5.1)
where d20ppb /dprdy represents the pp-differential production cross section within —0.96 <
Yems < 0.04 in p-Pb collisions at /syny = 5.02TeV. In the analysis of the non-prompt D
mesons, d20pp /dprdy corresponds to the production cross section in pp collisions at the
same center-of-mass energy at midrapidity (|yap| < 0.5), taken from [2]. In the case of
the non-prompt AT analysis, the pp reference was computed adopting the non-prompt A}
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d%op/dprdy measured in pp collisions at /s = 13 TeV at midrapidity (Jy| < 0.5) [35], scaled
to account for the different collision energy. The scaling factor was computed as the ratio
of the B production cross section from FONLL at /s = 13 and 5.02 TeV. This is justified
given: (i) the compatible pp-dependence of the 13-to-5.02 TeV ratio of mesons and baryons
in the charm sector at midrapidity [6], (ii) the agreement with the FONLL calculations
of charm mesons at midrapidity and beauty meson at forward rapidity [84, 85|, and (iii)
the assumption that the beauty baryons have a similar scaling as the beauty mesons, as
observed in the charm sector [35]. A similar behavior is found in the beauty sector [86],
though with much larger uncertainties. The shift in rapidity between pp and p—Pb collisions
was corrected by using FONLL predictions for the B meson production cross sections in the
two rapidity intervals, and applying the estimated correction to the non-prompt D°, DT,
and A} measurements. The corresponding correction ranges from 0.9 to 2.3%, increasing at
higher pr [63]. The systematic uncertainties of the p—Pb and pp measurements were treated
as uncorrelated within the same pr interval and were propagated quadratically, with the
exception of the BR which cancels out in the ratio.

The non-prompt DY and D+ R,py, are compatible over the full pr range within the current
uncertainties. In order to have a more precise measurement, the average of their R,p1, was
computed, using the inverse of the quadratic sum of the statistical and uncorrelated systematic
uncertainties as weights. The systematic uncertainty of the average was computed by
propagating the uncertainties through the weighted average while assuming the contributions
from tracking efficiency and normalisation to be fully correlated.

The left panel of figure 5 shows the average R,py, of non-prompt D? and D* mesons,
and the average R,pp of prompt DY, D*, and D** mesons [63]. The Ry,py, of prompt and
non-prompt charm mesons are compatible with each other and with unity over the entire
pr interval of the measurements within the statistical and systematic uncertainties. The
comparison between the R,py, of prompt [21] and non-prompt AJ baryons is shown in the
right panel of figure 5. The prompt Af-baryon Ry,py, shows deviation from unity, highlighting
modifications of the pr spectrum in p—Pb collisions with respect to pp collisions, due to
effects beyond nPDFs that may relate to the hadronisation process or to the presence of an
expanding medium [26]. The non-prompt Af-baryon Rppy, is compatible both with unity and
with the prompt Al -baryon measurements. Given its large uncertainties, it is not possible
to conclude about a possible trend versus pr.

The pr-integrated Rypy, values for non-prompt D? and D+ mesons in —0.96 < yems < 0.04
were calculated from the extrapolated pp-integrated production cross sections reported above
and the non-prompt D% and D*-meson production cross sections measured in pp collisions
at /s = 5.02TeV [2]. The resulting R,pp values of non-prompt D and D* mesons in
p—Pb collisions are:

REPromPt D (1)1 5 0, —0.96 < yems < 0.04) = 1.04 + 0.10(stat.) = 0.12(syst.)*
RRgPromPt DY (41 50,2096 < s < 0.04) = 0.86 + 0.19(stat.) + 0.11(syst.)*

The pr-integrated Rppy, values of non-prompt D mesons are compatible with unity within
uncertainties, which is consistent with a not significant modification of production cross
section in p—Pb collisions compared to pp collisions, as observed in the charm sector [35].
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Figure 5. Left panel: average pr-differential Rypy, of prompt DY, D*, and D* [63], and non-prompt
DY and D' mesons. Right panel: pp-differential Rypy, of prompt [21] and non-prompt A baryons.
The vertical bars and empty boxes represent the statistical and systematic uncertainties, respectively.
The black-filled box at Rpp, = 1 represents the normalisation systematic uncertainty.

The left panel of figure 6 shows the pp-integrated R,pi, measured at midrapidity for
non-prompt D, DT, and J/+ mesons by the ALICE Collaboration [87] compared to the
ones of non-prompt J/1) and B* mesons measured at forward (1.5 < yYems < 4.0, 2.5 <
Yems < 3.5) and backward (—5.0 < Yems < —2.5, —3.5 < Yems < —2.5) rapidity by the LHCb
Collaboration [34, 88]. The measurements of non-prompt D, J/¢, and B mesons in p—Pb
collisions at forward, backward, and midrapidity exploring different Bjorken-x regions, are
sensitive to different levels of shadowing and saturation regimes. The experimental results of
pr-integrated Rppy, are compared with model calculations of the BT meson in p—Pb/Pb-—p
collisions at \/syn = 8.16 TeV using the HELAC-onia generator [89-91] with three different
sets of nPDFs, i.e. EPPS16 [53], nCTEQ15 [92], and EPPS16* [57]. In the calculations with
EPPS16 and nCTEQ15, the model parameters are tuned to reproduce J/+ and ¢ (2S) cross
section measurements in pp collisions at the LHC [93, 94]. A weighting based on several
heavy-flavour measurements was applied on the nPDF set EPPS16 [53], to obtain the nPDF
set EPPS16*, as explained in [57]. The uncertainties in the theoretical predictions arise
from those of the corresponding nPDF parameterisations. The measurements agree with
the model calculations within the uncertainties.

The right panel of figure 6 shows the pr-integrated nuclear modification factors of
prompt [63] and non-prompt DY mesons measured in p-Pb collisions compared with those
measured in central (0-10%) [95] and semicentral (30-50%) [96] Pb—Pb collisions. These
measurements provide an additional tool to investigate the modification of heavy-flavour
production from pp to p—Pb and Pb—Pb collisions in the beauty sector. A pp-integrated
Ryp1, compatible with unity is measured for both prompt and non-prompt charm mesons,
suggesting the overall CNM effects in the charm and beauty sector are similar in p—Pb
collisions. In Pb—Pb collisions, a hint of a different behaviour between charm and beauty is
suggested, possibly due to a higher sensitivity of charm quarks to the nPDF modification
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Figure 6. Left panel: nuclear modification factors of non-prompt D° and DT mesons measured
in p—Pb collisions at \/sxy = 5.02TeV compared with the measurement of non-prompt J/v at
midrapidity [87], and the measurements of non-prompt J/1) and BT mesons at forward and backward
rapidity [34, 88]. The results are also compared with B-meson R,p}, calculations using different nPDF
sets [53, 57, 92]. Right panel: pr-integrated nuclear modification factor of prompt and non-prompt
D? mesons measured in p-Pb and Pb-Pb collisions at \/syx = 5.02 TeV [63, 95, 96]. Statistical (bars)
and systematic (boxes) uncertainties are shown. Extrapolation uncertainties of non-prompt D° mesons
in p—Pb and Pb—Pb collisions are shown separately as shaded bands.

(shadowing). Extending the measurement of beauty hadron production down to pr = 0, both
in p—Pb and Pb—Pb collisions, will be crucial to finally achieve a complete understanding
of possible modification of the heavy-flavour production due to CNM effects and possible
different hadronisation mechanisms across collision systems.

5.3 Production cross section ratios

To probe hadronisation in p—Pb collisions and its possible modification with respect to smaller
collision systems, ratios of non-prompt D over non-prompt DY, and non-prompt Al over
non-prompt D? pr-integrated production cross sections were computed. The systematic
uncertainties were propagated to the ratios as uncorrelated except for the ones related to
tracking efficiency and normalisation, which were treated as fully correlated. The ratios
are reported in tables 4 and 5, respectively.

The non-prompt D+ /D° pr-integrated yield ratios are reported in table 4, together with
the values measured in pp collisions [2] at /s = 5.02TeV and with the one measured in
ete™ collisions at LEP [1], where the error includes the statistical uncertainties, systematic
uncertainties and the uncertainties from the relevant branching fractions. The results are
compatible within experimental uncertainties, and no dependence on the collision system
or energy is observed.

A possible pr dependence was investigated by computing the pp-differential ratios. The
ratios of the pr-differential production cross sections for prompt and non-prompt D /D
are shown in the left panel of figure 7. The non-prompt D* /D ratio is independent of
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System Kinematic range (GeV/c) Non-prompt DT /D°

0.487 £ 0.090 (stat.)
pp at /s = 5.02 TeV [2] 2<pr<24
+0.055 (syst.) = 0.009 (BR)
- ) o 0.402 £ 0.060 (stat.)
—. a S = 9. €
P N T +0.034 (syst.) £ 0.011 (BR)

ete™ at /s = 209 GeV

- 0.380 & 0.025
LEP average [1]

Table 4. Production cross section ratios of non-prompt Dt over D? for the measured pr ranges at
midrapidty (|yiap| < 0.5) in pp collisions at /s = 5.02 TeV [2], p—Pb collisions at /syy = 5.02 TeV,
and in eTe™ collisions at /s = 209 GeV at LEP [1].

o \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\ o \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘
o 1 o _ALICE -0.96<y <004 @) ’ OLAL|CE = p-Pb,-0.96 <y <004
+D | p-Pb, {5y =5.02 TeV ] 5 Y0 TNN =502TeV ©bPp, -050<y <0507
i e L i
= Non-prompt - o F i
- Q 0.8+ -
©  Prompt J I L i
4 o L 4
i c L i

~
_| I L _|
il A 0.67 il
| 1 B $ ]
— B P |- B
R f
i g L i
— =z 0.2 —
: +1.9% BR unc. not shown ‘ ‘ | : + 1.9% BR unc. not shown | | | :
0 5 10 15 20 25 30 35

O

5 10 15 20 25
P, (GeV/c) P, (GeV/c)

Figure 7. Left panel: prompt (red) [63] and non-prompt (blue) D* /DO yield ratio as a function of pr.
Right panel: non-prompt D /D yield ratios as a function of pr measured by ALICE Collaboration
in pp (red) [2] and p—Pb (blue) collisions at the same collision energy. The vertical bars and empty
boxes represent the statistical and systematic uncertainties (without the branching ratio contribution),
respectively.

pr in the measured pr range within the current experimental precision and is compatible
with the prompt DT/ DY ratio pointing to similar relative fragmentation fractions of charm
and beauty quarks into D mesons. This result is in line with what was observed in the
same rapidity interval in pp and Pb—Pb collisions at different collision energies [2, 95]. In
the right panel of figure 7, the non-prompt DT /DY ratio measured in p-Pb collisions is
compared with the non-prompt D*/D? ratio measured in pp collisions at the same collision
energy. The two measurements are compatible over the full pr range of the measurements
within the uncertainties, pointing to no significant modification of beauty quarks to mesons
within uncertainties.

The ratio between the pp-integrated production cross sections of non-prompt A} and D°
hadrons is reported in table 5, together with the one measured in pp collisions at /s = 13 TeV
(ly| < 0.5) [35] and the one measured at LEP [1]. Despite the different collision energies,
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System Kinematic range (GeV/c) Non-prompt AS/D°

pp at /s = 13 TeV [35] 2<pr<24 0.55 4+ 0.07 (stat.) = 0.06 (syst.)
p-Pb at \/syx = 5.02 TeV 2<pr<24 0.78 +0.21 (stat.) +0.22 (syst.)
ete™ at /s = 209 GeV, LEP average [1] - 0.124 +0.016

Table 5. Cross sections ratios of non-prompt A} and D° for the measured pr ranges at midrapidity
(|y1ab| < 0.5) in pp collisions at /s = 13 TeV [35], p-Pb collisions at /syy = 5.02TeV, and in eTe™
collisions at /s = 209 GeV at LEP [1].

an agreement within the experimental uncertainties is observed between the measurements
performed in pp and p—Pb collisions. On the other hand, a significant difference is observed
when comparing them with the eTe™ measurement obtained at LEP exhibiting a significant
enhancement in the measured pr range, with respect to the meson production at midrapidity
in the beauty sector, as observed in the charm sector [35].

In order to gain further information about modification of hadronisation mechanisms in
the beauty sector, the ratio of the pr-differential production cross sections of non-prompt A
and D hadrons measured in p-Pb collisions at V/SNN = 5.02TeV is computed and shown in
the top-left panel of figure 8. It is compared to the analogous ratio measured in pp collisions
at /s = 13TeV [35] and with the AP /B° ratio measured by the LHCb Collaboration at
forward rapidity (2 < yjap < 4.5) in pp collisions at /s = 13 TeV [24]. The baryon-to-meson
ratio shows a decreasing trend with increasing pt in both pp and p—Pb collisions. The
baryon enhancement suggested at low pr is qualitatively similar to what was measured in pp
collisions, where it was explained by different modelling of hadronisation mechanisms beyond
pure in-vacuum fragmentation. Notable among these are the coalescence or recombination of
charm quarks with quarks from a thermal medium [39, 41, 42|, the statistical hadronisation
that takes into account undiscovered higher charm resonant states [44, 45], and the string
formation beyond the leading colour approximation [46, 47]. The lack of similar models
for the beauty hadrons in p—Pb collisions, that could also account for the presence of the
Pb nucleons in the collisions, prevents any conclusion about the origin of this modification
in p—Pb collisions. Neglecting a possible dependence on the collision energy, which is not
observed in the charm sector [6], the measurement in p—Pb collisions hints at a higher
non-prompt AT /DY yield ratio in 2 < pp < 12 GeV /¢ with respect to the pp one, similarly to
what is more precisely measured for the prompt Al /D [21] and ZY/DY ratios [97] and for
the A]?)/B0 ratio (—3.5 < yap < —2.5 and 2.5 < ypap < 3.5) [34]. This difference suggests a
possible hardening of the beauty baryon pr spectra, consistent with a radial flow scenario,
where the shift to higher pr depends on the particle mass. Similar spectrum modifications
in p—Pb collisions were also observed in the strangeness sector by the ALICE and CMS
Collaborations [59, 98], and were found to be in line with the effect of radial flow predicted
by hydrodynamic models such as EPOS LHC [99]. Future precise measurements down to pp
= 0 will be crucial to assess potential differences on the beauty baryon yields and collective
motion in pp and p—Pb collisions.

As shown in the top-right panel of figure 8, the non-prompt baryon-to-meson ratio shows a
similar trend as a function of pr, within the uncertainties, compared to the prompt A} /D [21]
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Figure 8. Top-left panel: non-prompt AT /D yield ratios as a function of pr measured by ALICE
in pp (red) [35] and p-Pb (blue) collisions compared with the A? /B° ratio (green) [24] measured
by the LHCb Collaboration at forward rapidity (2 < yiap < 4.5) in pp collisions. Top-right panel:
prompt (red) [21] and non-prompt (blue) AT /DP yield ratios as a function of pr measured by ALICE
in —0.96 < yems < 0.04 together with the A} /B yield ratio (green) [34] measured by LHCb in
2.5 < Yems < 3.5. Bottom panel: ratios of the nuclear modification factor of non-prompt A and
non-prompt D at midrapidity (blue), and the Ag and B at forward and backward rapidity measured
by LHCD (red) [34].

in the measured pr range in p—Pb collisions at /syn = 5.02 TeV. The results are also compared
with the AY/B? yield ratio measured by the LHCb Collaboration at 2.5 < yems < 3.5 [34]
in p-Pb collisions at /snn = 8.16 TeV. Despite the difference in collision energy, rapidity,
and the slight difference in pt coverage between the ALICE and LHCb measurement, both
sets of measurements exhibit similar dependency on pt within experimental uncertainties.
As mentioned before, the comparison between charm and beauty baryon-to-meson ratios is
useful to investigate possible similarities in the hadronisation mechanism of heavy quarks.
It is important to note that the additional effect of the hy, — h. + X decay kinematics is
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expected to slightly modify the pr dependence of the non-prompt charm hadron ratios with
respect to the beauty-hadron ratios. However, interestingly, the measurements for beauty and
charm baryon-to-meson ratio show a similar trend as a function of pr, suggesting that the
hadronisation modifications for beauty quarks may mirror those for charm quarks [36]. The
AY/BO ratio from the LHCb Collaboration is lower than the non-prompt AJ /D ratio in the
low-p7 interval when compared to both collision systems. However, the large experimental
uncertainties over the full pr ranges prevent from drawing strong conclusions.

Assuming that the modifications of hadronisation mechanisms of heavy quarks are similar
in pp and p—Pb collisions, one would expect the double ratio of non-prompt AF (AY) over DY
(BY) production in p-Pb to pp collisions (non-prompt Rggk{Do or RQI(E)’{)BO) to be consistent
with unity. This quantity corresponds to the ratio of nuclear modification factors of baryons
over mesons. The bottom panel of figure 8 shows the pr-integrated (pr > 2 GeV/c) Rppy, of
non-prompt A} baryons divided by that of non-prompt D° mesons, compared with the same
ratio for A) baryons and B mesons measured by the LHCb Collaboration [34] as a function
of Yems. The result in —0.96 < yems < 0.04 is consistent with unity within the uncertainties.
However, more precise measurements exploiting larger collected data samples, are required to

conclude on a possible rapidity dependence of beauty-baryon hadronisation.

6 Summary

The first measurements of non-prompt D%~ D*- and Af-hadron production at midrapidity
in p—PDb collisions are reported. Extrapolating the visible non-prompt D meson production
cross sections down to pr = 0, the pr-integrated R,pp of D mesons is computed. Within
the uncertainties, the pr-integrated Rp,py, of non-prompt D mesons is consistent with unity.
Similarly, the pr-integrated R,py, of non-prompt DY is compatible with prompt DY. The
pr-differential R,p1, of non-prompt D mesons and AJ is compatible with unity and the
measurements in the charm sector, in the measured p range, within uncertainties. However,
due to the current experimental uncertainties, it remains challenging to clearly differentiate
between a flat trend compatible with unity, and the trend observed for prompt Al in p-Pb
collisions as a function of pp. The prompt and non-prompt yield ratios are compatible
within current experimental uncertainties for both D /D% and AT /DY. The pr-differential
non-prompt A /D° in p-Pb collisions is compatible with the non-prompt AT /DY ratio

+ 0
and Ag /B0 ratio measured in pp collisions. The pr-integrated non-prompt Rgf)b/D was

AD /B0
measured at midrapidity and is compatible with the pp-integrated Rpf)]/D measured by

the LHCb Collaboration. The results indicate no significant CNM effects in the beauty
sector within uncertainties. These novel measurements in p—Pb collisions provide important
insights, enriching the understanding of nPDF models and the modification of beauty quark
hadronisation mechanisms. In addition, these measurements represent an important input
for constraining theoretical models for heavy-flavour hadron production in p—Pb collisions,
which are still lacking at the moment. With the major upgrade of the ALICE detector
for Run 3, larger data samples, and foreseen upgrades for Run 4, ALICE will significantly
advance this field in the near future.
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