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ABSTRACT: The pp-differential production cross sections of prompt and non-prompt (pro-
duced in beauty-hadron decays) D mesons were measured by the ALICE experiment at
midrapidity (Jy| < 0.5) in proton-proton collisions at /s = 5.02 TeV. The data sam-
ple used in the analysis corresponds to an integrated luminosity of (19.3 & 0.4) nb~!.
D mesons were reconstructed from their decays DY — K—nt, DT — K-ntnt, and
Df — ¢t — K-K*tn™ and their charge conjugates. Compared to previous measure-
ments in the same rapidity region, the cross sections of prompt D and DI mesons have
an extended pr coverage and total uncertainties reduced by a factor ranging from 1.05
to 1.6, depending on pr, allowing for a more precise determination of their pr-integrated
cross sections. The results are well described by perturbative QCD calculations. The frag-
mentation fraction of heavy quarks to strange mesons divided by the one to non-strange
mesons, fs/(fu+ fd4), is compatible for charm and beauty quarks and with previous mea-
surements at different centre-of-mass energies and collision systems. The bb production
cross section per rapidity unit at midrapidity, estimated from non-prompt D-meson mea-
surements, is doy/dyliyj<05 = 34.5 & 2.4(stat) 5% (tot. syst) ub. It is compatible with
previous measurements at the same centre-of-mass energy and with the cross section pre-
dicted by perturbative QCD calculations.
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1 Introduction

Measurements of the production of hadrons containing charm or beauty quarks in proton-
proton (pp) collisions provide an important test of Quantum Chromodynamics (QCD)
calculations. They also set the reference for the respective measurements in heavy-ion
collisions, where the study of charm- and beauty-quark interaction with the quark-gluon
plasma (QGP) constituents is a rich source of information about the medium properties
and its inner dynamics [1]. Several measurements of charm and beauty production were
carried out in pp collisions at /s = 2.76, 5.02, 7, 8, and 13TeV by the ALICE [2-16],
ATLAS [17-21], CMS [22-31], and LHCb [32-46] experiments at the LHC. At lower
collision energies, measurements were performed at /s = 200 GeV at RHIC [47-50] and in
pD collisions at /s = 630 GeV at the SppS [51] and at /s = 1.96 TeV at the Tevatron [52—
55]. The D- and B-meson data are generally described within uncertainties by perturbative
QCD calculations at Next-to-Leading-Order with Next-to-Leading Log resummation, like
FONLL [56, 57] and GM-VFNS [58-63]. These calculations rely on the factorisation of
soft (non-perturbative) and hard (perturbative) processes and calculate the transverse-
momentum (pr) differential cross sections of charm- or beauty-hadron production as a
convolution of a hard-scattering cross section at the partonic level, parton distribution
functions (PDFs) of the colliding protons, and fragmentation functions (FF) modelling the



transition from heavy quarks to heavy-flavour hadrons [64]. Recently, also calculations
with next-to-next-to-leading-order (NNLO) QCD radiative corrections became available
for the beauty-quark production [65].

In this paper we report an update of the measurement of prompt (i.e. produced in the
charm quark fragmentation, either directly or through decays of excited open charm and
charmonium states) DT~ and D -meson production performed with ALICE in the rapidity
interval |y| < 0.5 in pp collisions at /s = 5.02 TeV [3], obtained using an improved
analysis technique. We also present a new measurement of the production of non-prompt
DY DT, and DI mesons from beauty-hadron decays. The analysis of prompt D* and DF
mesons is extended down to pr = 0 and 1 GeV /¢, respectively. Non-prompt D mesons are
measured down to pt = 1 GeV/c (DY meson) and 2 GeV/c (Dt and DI mesons). These
new results provide an improvement in terms of low-p reach and particle species accessed
with respect to the previous measurement of non-prompt D° production by CMS [30].
Such an extension is important to test perturbative QCD (pQCD) calculations over a
wider pr interval and to better determine the heavy-quark production cross section. These
measurements also provide a reference for Pb-Pb collisions in the low-p region, a relevant
one to address nuclear effects like shadowing, heavy-quark diffusion in the QGP, and the
expected enhancement of the production of hadrons with strange quarks [66].

The paper is organised as follows. In section 2 the ALICE apparatus and the analysed
data sample are described. In section 3 the analysis procedure is explained. Machine-
learning algorithms are used to classify and separate the prompt and non-prompt D-meson
signals and the combinatorial background. A data-driven procedure is used to calculate the
fraction of prompt and non-prompt D mesons. The systematic uncertainties are discussed
in section 4. In section 5 the results are presented. First, in section 5.1, the pp-differential
cross sections of prompt and non-prompt D mesons are reported and compared to theo-
retical predictions. Then, in section 5.2, the ratios of the measured cross sections of the
D-meson species are computed. In theoretical calculations, these ratios are sensitive mainly
to the FF or the adopted hadronisation model. In particular, the comparison of the pro-
duction rate of strange mesons with that of non-strange ones allows the determination of
the ratio fs/(fu+ fa), i-e. the fragmentation fraction of charm and beauty quarks to strange
mesons divided by the one to non-strange mesons. In section 5.3, by extrapolating down
to pp = 0 the measured non-prompt D-meson cross sections, an estimate of the production
cross section of beauty quarks at midrapidity is obtained, which represents the most-precise
result to date in pp collisions at /s = 5.02 TeV. A summary concludes the paper.

2 Experimental apparatus and data sample

The ALICE apparatus is composed of a central barrel, consisting of a set of detectors for
particle reconstruction and identification at midrapidity, a forward muon spectrometer,
and various forward and backward detectors for triggering and event characterisation.
A complete description and an overview of their typical performance are presented in
refs. [67, 68].



The D-meson decay products were reconstructed at midrapidity exploiting the tracking
and particle identification capabilities of the central barrel detectors, which cover the full
azimuth in the pseudorapidity interval |n| < 0.9. These detectors are embedded in a large
solenoidal magnet that provides a magnetic field B = 0.5 T parallel to the beam direction.
Charged-particle tracks are reconstructed from their hits in the Inner Tracking System
(ITS) and the Time Projection Chamber (TPC). The ITS is the innermost ALICE detector;
it consists of six cylindrical layers of silicon detectors, allowing a precise determination of
the track parameters in the vicinity of the interaction point. The TPC provides up to
159 three-dimensional space points to reconstruct the charged-particle trajectory, as well
as particle identification via the measurement of the specific ionisation energy loss dE/dx.
The particle identification capabilities of the TPC are extended by the Time-Of-Flight
(TOF) detector, which is used to measure the flight time of the charged particles from the
interaction point. The event collision time is obtained using either the information from the
TO detector, the TOF detector, or a combination of the two. The T0 detector consists of two
arrays of Cerenkov counters, located on both sides of the nominal interaction point, covering
the pseudorapidity intervals —3.28 < n < —2.97 and 4.61 < n < 4.92. The V0 detector was
used for triggering and event selection. It is composed of two scintillator arrays, located
on both sides of the nominal interaction point and covering the pseudorapidity intervals
—3.7<n< —-1.7and 2.8 <n<5.1.

The results presented in this paper were obtained from the analysis of the data sample
of pp collisions at /s = 5.02TeV collected in 2017. The events used in the analysis
were recorded with a minimum bias (MB) trigger which required coincident signals in the
two scintillator arrays of the VO detector. Events were further selected offline in order
to remove background due to the interaction between one of the beams and the residual
gas present in the beam vacuum tube and other machine-induced backgrounds [68]. This
selection was based on the timing information of the two VO arrays and the correlation
between the number of hits and track segments in the two innermost layers of the ITS,
consisting of Silicon Pixel Detectors (SPD). In order to maintain a uniform acceptance
in pseudorapidity, events were required to have a reconstructed collision vertex located
within +10 c¢m from the centre of the detector along the beam-line direction. Events with
multiple primary vertices reconstructed from TPC and ITS tracks, due to pileup of several
collisions, were rejected. The rejected pileup events amount to about 1% of the triggered
events and the remaining undetected pileup is negligible in the present analysis. After
the aforementioned selections, the data sample used for the analysis consists of about 990
million MB events, corresponding to an integrated luminosity Lin, = (19.340.4) nb~! [69].

The Monte Carlo samples utilised in the analysis were obtained simulating pp collisions
with the PYTHIA 8.243 event generator [70, 71] (Monash-13 tune [72]), and propagating
the generated particles through the detector using the GEANT3 package [73]. 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 luminous region
distribution and the conditions of all the ALICE detectors in terms of active channels,
gain, noise level, and alignment, and their evolution with time during the data taking,
were taken into account in the simulations.



3 Analysis technique

DY D+, and D} mesons and their charge conjugates were reconstructed through the decay
channels D — K~ntt (with branching ratio BR = (3.950 4 0.031)%), DT — K- ntn*
(BR = (9.38 £ 0.16)%), and D — ¢pn™ — K" KTnt (BR = (2.24 + 0.08)%) [74]. The
analysis was based on the reconstruction of decay-vertex topologies displaced from the
interaction vertex. The separation induced by the weak decays of prompt D°, D*, and D
is typically a few hundred of um (c¢7 ~ 123, 312, and 151 pm, respectively [74]). Decay
vertices of non-prompt D mesons, originating from beauty-hadron decays, on average are
more displaced from the interaction vertex due to the larger mean proper decay lengths of
beauty hadrons (¢ ~ 500 pum [74])]) as compared to charm hadrons. Therefore, exploiting
the selection of displaced decay-vertex topologies, it is possible not only to separate D
mesons from the combinatorial background, but also non-prompt from prompt D mesons.

D-meson candidates were built combining pairs or triplets of tracks with the proper
charge signs, each with || < 0.8, pr > 0.3 GeV/c, at least 70 (out of 159) associated
space points in the TPC, a fit quality x%/ndf < 2 in the TPC (where ndf is the number
of degrees of freedom involved in the track fit procedure), and a minimum of two (out of
six) hits in the ITS, with at least one in either of the two innermost SPD layers, which
provide the best pointing resolution. These track-selection criteria reduce the D-meson
acceptance in rapidity, which drops steeply to zero for |y| > 0.5 at low pr and for |y| > 0.8
at pr > 5 GeV/c. Thus, only D-meson candidates within a fiducial acceptance region,
ly| < yaa(pr), were selected. The ygq(pr) value was defined as a second-order polynomial
function, increasing from 0.5 to 0.8 in the transverse-momentum range 0 < pr < 5 GeV/c,
and as a constant term, ygq = 0.8, for pr > 5 GeV/c.

To reduce the large combinatorial background and to separate the contribution of
prompt and non-prompt D mesons, a machine-learning approach based on Boosted De-
cision Trees (BDT) was adopted. Two different implementations of the BDT algorithm,
provided by the TMVA [75] and XGBoost [76] libraries, were considered. Signal samples of
prompt and non-prompt D mesons for the BDT training were obtained from simulations
based on the PYTHIA 8 event generator as described in section 2. The background sam-
ples were obtained from the sidebands of the candidate invariant-mass distributions in the
data. Before the training, loose kinematic and topological selections were applied to the D-
meson candidates together with the particle identification (PID) of decay-product tracks.
Pions and kaons were selected by requiring compatibility with the respective particle hy-
pothesis within three standard deviations (3¢) between the measured and the expected
signals for both the TPC dE/dx and the time of flight. Tracks without TOF hits were
identified using only the TPC information. For D -meson candidates, an absolute differ-
ence of the reconstructed K™K~ invariant mass with respect to the PDG world average
of the ¢ meson [74] (AMxkk) under 15 MeV/c? was additionally required. The D-meson
candidate information provided to the BDTs, as an input for the models to distinguish
among prompt and non-prompt D mesons and background candidates, was mainly based
on the displacement of the tracks from the primary vertex (dp), the distance between the
D-meson decay vertex and the primary vertex (decay length, L), the D-meson impact



parameter, and 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. Additional variables related to the PID of decay tracks were used for
DT and DI candidates. The value of AMgk was also considered for DI candidates. Inde-
pendent BDTs were trained for the different D-meson species and in different pr intervals.
Subsequently, they 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
in the case of the non-prompt analysis. For the prompt D' and DJ analysis, selections
were tuned to provide a large statistical significance for the signal and a small contribution
of non-prompt candidates.

3.1 Measurement of non-prompt D°, D, and D;" mesons

Samples enhanced with non-prompt candidates were selected by requiring a low candidate
probability to be combinatorial background and a high probability to be non-prompt. The
raw yields of D°, D*, and D} mesons, including both particles and antiparticles, were
extracted from binned maximum-likelihood fits to the invariant-mass (M) distributions.
The raw yields could be extracted in transverse-momentum intervals in the range 1 <
pr < 24 GeV/c for DY mesons, 2 < pr < 16 GeV/c for D mesons, and 2 < pr < 12 GeV/c
for D mesons. The fit function was composed of a Gaussian for the description of the
signal and of an exponential term for the background. 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 larger abundance of prompt
compared to non-prompt D mesons. For the M (KKr) distribution, an additional Gaussian
was used to describe the peak due to the decay D* — K~K*™7", with a branching ratio
of (9.68 & 0.18) x 1073 [74], present at a lower invariant-mass value than the D} -meson
signal peak. For the D meson, the contribution of signal candidates to the invariant-mass
distribution with the wrong mass assigned to the D’-decay tracks (reflections) was included
in the fit. It was estimated based on the invariant-mass distributions of the reflected
signal in the simulation, which were described as the sum of two Gaussian functions. The
contribution of reflections to the raw yield is about 0.5% — 4%, depending on pr. Examples
of invariant-mass distributions together with the result of the fits and the estimated non-
prompt fractions are reported in figure 1, for the 1 < pp < 2 GeV/¢, 8 < pr < 10 GeV /e,
and 2 < pr < 4 GeV/c intervals of the D°, D¥, and D candidates, respectively. The
procedure used to calculate the fraction of non-prompt candidates present in the extracted
raw yields is described in section 3.2. The measured raw yields, although dominated by non-
prompt candidates, still contain a residual contribution of prompt D mesons which satisfy
the BDT-based selections. The statistical significance of the observed signals, S/v/S + B,
varies from 4 to 10, depending on the D-meson species and on the pr interval.
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Figure 1. Invariant-mass distributions of D, D* and D} candidates and charge conjugates in
1 <pr<2GeV/e, 8 < pr <10 GeV/e, and 2 < pr < 4 GeV/c intervals, respectively. The blue
solid lines show the total fit functions as described in the text and the red dashed lines are the
combinatorial background. In case of the D° candidates, the grey dashed line represents the combi-
natorial background with the contribution of the reflections. The raw-yield (.5) values are reported
together with their statistical uncertainties resulting from the fit. The fraction of non-prompt can-
didates in the measured raw yield is reported with its statistical and systematic uncertainties.

The pr-differential cross section of non-prompt D mesons was computed for each pr
interval as

dQO_D 1 1 % fnon—prompt (PT) X ND+D,raw (PT) ‘l |< ) 1
= X —— X YISVadiPT . (3.1)
dprdy  cay(pr)Apr  BR (Acc x ¢)nomprompt (py) Ling

The raw-yield values (sum of particles and antiparticles, NV D+ﬁraw) were divided by a factor
of two and multiplied by the non-prompt fraction fhon-prompt to obtain the charged-averaged
yields of non-prompt D mesons. Furthermore, they were divided by the acceptance times
efficiency of non-prompt D mesons (Acc x €)"onPrompt - the BR of the decay channel, the
width of the pr interval (Apr), the correction factor for the rapidity coverage ca, (see
below), and the integrated luminosity Ling = Nev/omB, where Ngy is the number of analysed
events and onp = (50.9 £0.9) mb is the cross section for the MB trigger condition [69].

The (Acc x €) correction was obtained from simulations, described in section 2, using
samples not employed in the BDT training. The (Acc x €) factors, computed for the
selections used in the final result, as a function of pr for prompt and non-prompt DY, D+,
and D mesons within the fiducial acceptance region are shown in figure 2, along with the
ratios of the non-prompt over prompt factors. The selection applied to obtain the non-
prompt enhanced samples strongly suppresses the prompt D-meson efficiency, while the
acceptance is the same between prompt and non-prompt D mesons. The prompt D-meson
acceptance times efficiency is smaller than the one of non-prompt D mesons by a factor
varying from 5 to 700, depending on the D-meson species and the pt interval. The difference
between the (Acc x €) factors of prompt and non-prompt mesons is less pronounced for D
than for DY, due to the more similar lifetimes of D" and beauty hadrons. For D mesons,
looser selections than those used for the other D-meson species were applied due to the
lower yield of D mesons, leading to a smaller difference between the (Acc X €) factors of
the prompt and non-prompt components.
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The correction factor for the rapidity acceptance ca, was computed with FONLL
perturbative QCD calculations, which have shown a good description of the rapidity de-
pendence of the D-meson cross section [3, 33]. The correction factor was defined as the
ratio between the generated D-meson yield in Ay = 2ygq and that in |y| < 0.5. Calcula-
tions of ca, based on the PYTHIA 8 event generator were in agreement within 1%. The
Jron-prompt fraction was calculated with a novel data-driven approach, which is described
in section 3.2.

3.2 Data-driven estimation of non-prompt fraction

The fraction fhon-prompt 0f non-prompt D mesons in the raw yield was estimated by sampling
the raw yield at different values of the BDT output related to the candidate probability of
being a non-prompt D meson. In this way, a set of raw yields Y; with different contributions
of prompt and non-prompt D mesons was obtained. These raw yields can be related to
the corrected yields of prompt (Nprompt) and non-prompt (Npon-prompt) D mesons via the
acceptance-times-efficiency factors as follows

(Acc x )P 5 Nprompt + (Ace x €)1 PPt 5 Noonprompt — Yi = 0. (3.2)
In the above equation, d; represents a residuum that accounts for the equation not holding
exactly due to the uncertainty on Y;, (Acc x )" PP "and (Acc x €)P™™". The definition

of n selections leads to the following algebraic system

t - t
(Acc x €)P™P (Ace x ¢)lomPromp Yi 51
Nprompt

" " N, non-prompt
Acc x €)PromPt (Acc x ¢)Ron-promp Y, On,
n n



that can be exactly solved in case of two equations (assuming 6; = 0). With n selections,
the Nprompt and Nyon-prompt parameters are obtained by minimising the X2

x2=6TCc1s, (3.4)

where 8T is the row vector of residuals and C the covariance matrix accounting for the un-
2

certainties inherent to each equation. The variances o were calculated from the statistical

uncertainty on the raw yields and efficiencies as

2 2 2 2
o = 0Oy, —+ Nprompt X U(Ach€)prompt + Nnon—prompt X U(Accxdnon*wompt' (35)

Given that the corrected yields are unknown variables, an iterative procedure was used
to define the total uncertainty: in the first step only the uncertainty on the raw yields
was taken into account, while from the second iteration the corrected yields Npromps and
Nyon-prompt Obtained in the previous step were also used. In the covariance terms oj; the
correlation coefficient was assumed to be

pij= 2 with i Cj. (3.6)
0j
This assumption is justified by the fact that the BDT response is sampled monotonically,
so that the n selections are ordered in such a way that the i*" selected sample is completely
included in the (i —1)™ one. For DY mesons, only the equation for the strictest set of
selections was defined as in eq. (3.2). All the others were expressed in terms of the difference
between the (i — 1)th and the i*? raw yields, AYi_1; = Yij_; —Yj. In this case, the covariance
terms were assumed to be zero, resulting in a diagonal covariance matrix.
The fraction of non-prompt D mesons in the raw yield can be computed for any set of
selections i from the corrected yields obtained from the x? minimisation as

non-prompt
(ACC X E)i X Nnon—prompt

non-prompt prompt :
Acc x E)i X Nnon—prompt + (ACC X E)i X Nprompt

i —
non-prompt — (

(3.7)

Rather than from the Npon-prompt Parameter obtained from the minimisation of the X2 in
eq. (3.4), the final values of the non-prompt D-meson cross sections were determined by
choosing a selection providing a high non-prompt component and a good signal extraction,
as described in section 3, and by calculating its respective fhon-prompt fraction according to
eq. (3.7). This approach facilitates the determination of the systematic uncertainty.
Figure 3 shows an example of raw-yield distribution as a function of the BDT-based
selection employed in the minimisation procedure for D? mesons with 1 < pp < 2 GeV/c
(top left panel), DT mesons with 8 < pp < 10 GeV /¢ (top right panel), and D mesons with
2 < pr < 4 GeV/c (bottom left panel). The leftmost data point of each distribution is the
raw yield corresponding to the looser selection on the BDT output related to the candidate’s
probability of being a non-prompt D meson, while the rightmost one corresponds to the
strictest selection, which is expected to preferentially select non-prompt D mesons. The
prompt and non-prompt components, obtained for each BDT-based selection from the

prompt non-prompt

minimisation procedure as (Acc x €); Nprompt and (Acc X €); Nion-prompt, are
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represented by the red and blue filled histograms, respectively, while their sum is reported
by the green histograms. In the bottom right panel of figure 3, the fron-prompt fractions
of D, D*, and DI mesons, computed with the formula in eq. (3.7), corresponding to
the samples enhanced with non-prompt candidates introduced in section 3 are shown as a
function of pt. The vertical bars represent the statistical uncertainty computed propagating
the uncertainties on the corrected yields obtained with the y?-minimisation procedure,
where the correlation between Nprompt and Npon-prompt s also accounted for. The open
boxes represent the systematic uncertainty, which will be described in section 4. The
fnon-prompt fractions range in the interval 0.3 — 0.95 for D° mesons, 0.4 — 0.75 for Dt
mesons, and 0.4 — 0.65 for D mesons. In general, the Jfron-prompt values decrease with pr,
because at high pr a less stringent selection on the BDT probability of being non-prompt is
needed to preserve a sufficient number of candidates to perform the invariant-mass analysis.
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Figure 4. Invariant-mass distributions of DT and DI candidates and charge conjugates in the
intervals 0 < pr < 1 GeV/cand 1 < pr < 2 GeV /¢, respectively. The blue solid lines show the total
fit functions as described in the text and the red dashed lines are the combinatorial-background
components. The values of the mean (u) and the width (o) of the signal peak are reported together
with the raw yield (S). The reported uncertainties are only the statistical uncertainties from the fit.

3.3 Measurement of prompt Dt and D;" mesons

The measurement of prompt Dt and D7 mesons follows the same procedure described
in section 3.1. The same machine-learning models trained for the non-prompt D' and
DZ analysis were employed. Samples containing a small fraction of non-prompt candidates
were obtained selecting on the BDT outputs and requiring a low candidate probability to be
combinatorial background and non-prompt. The raw yields of D™ and DI mesons were ex-
tracted in the transverse-momentum intervals 0 < pr < 36 GeV/c and 1 < pp < 24 GeV/c,
respectively, extending the measurement to lower pt with respect to the previously pub-
lished results [3]. The employed fit configurations were the same as for the non-prompt
analysis, except that the widths of the D*- and D -meson signal peaks were unconstrained
in the fit. Moreover, for D™ mesons in 0 < pr < 1 GeV/c a third-order polynomial func-
tion was used to describe the combinatorial background, instead of an exponential function.
Figure 4 shows the invariant-mass distributions, together with the result of the fits, in the
0<pr<1GeV/cand 1 < pr < 2 GeV/c intervals for DT and DI candidates, respectively.
The statistical significance of the observed signals varies from about 3 to 40 for D™ mesons
and from 4 to 14 for D mesons, depending on the pr interval. The S/B values obtained
are 0.07 — 2.5 (0.31 — 3.1) for D* (D7) mesons, depending on pr. The performance of the
adopted BDT-based selections was compared with that obtained in the previous study [3].
An improvement of the statistical significance by a factor 1.1 — 2 (1.2 — 1.7) for D™ (D7)
mesons in the common pr regions of the two measurements is observed, implying a reduc-
tion of statistical uncertainties by the same factor. Furthermore, the efficiency for prompt
DT and DI mesons is higher in the BDT-based analysis by a factor 1.2 — 4 and 1.7 — 2.2,
respectively, depending on the pr interval.
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Figure 5. Comparison of the fractions of prompt D*- and Df-meson raw yields as a function
of pr between the FONLL-based and the data-driven approach. The results from the data-driven
method are shown as diamond markers with the error bars (boxes) representing the statistical
(systematic) uncertainty. The central values of fprompt from the FONLL-based approach are shown
by the continuous line and their uncertainty by the shaded boxes.

The data-driven method described in section 3.2, which is based on the reliable extrac-
tion of raw yields with different fractions of prompt and non-prompt candidates, cannot be
used for the estimation of the fprompt fraction in all the pr intervals of the prompt DT and
DS measurements, due to the limited size of the analysed data sample. Thus, the fprompt
fraction was calculated similarly to previous measurements (see e.g. refs. [4, 77]) using the
beauty-hadron production cross sections from FONLL calculations, the beauty hadron to
D + X decay kinematics from the PYTHIA 8 decayer, and the acceptance-time-efficiency
correction factors for non-prompt Dt and DI mesons from Monte Carlo simulations. The
values of fprompt range between 0.86 and 0.96 depending on the D-meson species and pr
interval. The procedure to estimate the systematic uncertainty on fprompts Will be described
in section 4. Figure 5 reports the D*- and D -meson fprompt fractions obtained with the
FONLL-based approach compared with those resulting from the data-driven method, the
latter were computed in the pr ranges of the non-prompt DT and D measurements where
a good reliability of the method can be granted. The fractions of prompt D-meson yields
estimated with the two different strategies are well in agreement within the statistical and
systematic uncertainties in the common pr intervals.

4 Systematic uncertainties

The systematic uncertainties on the measurement of prompt and non-prompt D-meson
cross sections were estimated with procedures similar to those described in refs. [3, 77, 78],
including the following sources: (i) extraction of the raw yield from the invariant-mass
distributions; (ii) non-prompt and prompt fraction estimations; (iii) track reconstruction
efficiency; (iv) D-meson selection efficiency; (v) PID efficiency; (vi) generated D-meson

- 11 -



Meson non-prompt D° | non-prompt D¥ | non-prompt DF | prompt DT prompt DF
pr (GeV/e) 1-2 10-12 | 2—-3 10—-12 |2—4 8 —12 0—1 10—12 | 1-2 8-12
Signal yield 5% % 3% 5% 4% 3% 10% 3% % 3%
Tracking efficiency | 3% 5% 5% % 5% % 4% % 4% ™%
Selection efficiency | 10% 5% 10% 5% ™% 5% 10% 2% 8% 3%
PID efficiency 0 0 0 0 0 0 0 0 0 0
pr shape in MC 1% 0 1% 1% 1% 1% ™% 0 1% 0
Fraction estimation | 3% 5% 2% 5% 2% 4% % 5% | 5% 2%
Branching ratio 1% 2% 1% 2% 1%
Luminosity 2%

Table 1. Summary of the relative systematic uncertainties on non-prompt D°, D*, and D cross
sections and prompt DT and DJ cross sections in different pr intervals.

pr shape in the simulation. In addition, an overall normalisation systematic uncertainty
induced by the branching ratios of the considered D-meson decays [74] and the integrated
luminosity [69] were considered. The estimated values of the systematic uncertainties
for some representative pr intervals of the different analyses are summarised in table 1.
The contributions of the different sources were summed in quadrature to obtain the total
systematic uncertainty. For non-prompt D mesons, the systematic uncertainties on the
non-prompt fraction estimation and the raw-yield extraction were treated as correlated
and summed linearly.

The systematic uncertainty on the raw-yield extraction was evaluated by repeating the
fit of the invariant-mass distribution varying the lower and upper limits of the fit range
and the functional form of the background fit function. In order to test the sensitivity to
the line-shape of the signal, a bin-counting method was used, in which the signal yield was
obtained by integrating the invariant-mass distribution after subtracting the background
estimated from the side-band fit. In addition, for the analysis of non-prompt D mesons
the width of the Gaussian function used to model the signal peaks was varied within
the uncertainty of the value obtained from the fits to the prompt-enhanced sample. The
effect was found to be negligible, hence no additional systematic uncertainty was assigned.
For non-prompt D° mesons, an additional contribution due to the description of signal
reflections in the invariant-mass distribution was estimated by varying the shape and the
normalisation 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 signal yields
obtained from all these variations and ranges from 1% to 11% depending on the D-meson
species and the pr interval.

The systematic uncertainty on the value of fron-prompt Obtained with the data-driven
approach was estimated by changing the sets of selection criteria used for the procedure
described in section 3.2. A systematic uncertainty ranging from 2% to 10% was assigned.
This source of systematic uncertainty was found to be mostly correlated with the signal
extraction procedure. The correlation was evaluated by repeating the computation of
Jron-prompt Varying the fit configurations used for the raw-yield extraction, as described
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above. For the analysis of prompt D™ and D} mesons, the systematic uncertainty on
Jprompt Was estimated by varying the FONLL parameters (b-quark mass, factorisation, and
renormalisation scales) as prescribed in [79]. It ranges between ©1% and fg% depending
on the D-meson species and pr interval.

The systematic uncertainty on the track reconstruction efficiency was evaluated by
varying the track-quality selection criteria and by comparing the prolongation probability
of the TPC tracks to the ITS hits in data and simulation. The comparison of the ITS-
TPC prolongation efficiency in data and simulations was performed after weighting the
relative abundances of primary and secondary particles in the simulation to match those
observed in data, which were estimated via fits to the inclusive track impact-parameter
distributions [80]. The estimated uncertainty depends on the D-meson pr and ranges from
3% to 5% for the two-body decay of D° mesons and from 4% to 7% for the three-body
decays of DT and DI mesons.

The systematic uncertainty on the selection efficiency originates from imperfections
in the description of the detector resolutions and alignments in the simulation. It was
estimated by comparing the corrected yields obtained by repeating the analysis with dif-
ferent machine-learning selection criteria, i.e. varying the selections on the BDT outputs,
resulting in a significant modification of the efficiencies, raw yield and background values.
The assigned systematic uncertainty ranges from 2% to 10%.

To estimate the uncertainty on the PID selection efficiency, the pion and kaon PID
selection efficiencies were compared in data and in simulations. For this study, a pure
sample of pions was selected from KOS and A decays, while samples of kaons in the TPC
(TOF) were obtained applying a strict PID selection using the TOF (TPC) information.
Since no significant differences were observed, no systematic uncertainty was assigned. As
an additional test, the analysis was repeated without PID selection. The resulting D-meson
cross sections were found to be compatible with those obtained with the PID selection.

The systematic effect on the efficiency due to a possible difference between the real
and simulated D-meson transverse-momentum distributions was estimated by evaluating
the efficiency after reweighting the pr shape from the PYTHIA 8 generator to match the
one from FONLL calculations. The weights were applied to the pr distributions of prompt
D mesons and to the decaying beauty hadrons in case of non-prompt D mesons. The
assigned uncertainty is 7% in the pr interval 0 — 1 GeV /c of the prompt DT meson, where
the selection criteria are strict, while for other pr intervals the uncertainty is less than 1%.

5 Results

5.1 Production cross sections

The pr-differential production cross sections of prompt and non-prompt D° D, and D
mesons measured in |y| < 0.5 are shown in the left panel of figure 6. The pp-differential
cross sections of prompt D' and DI mesons are compatible within uncertainties with the
previous results [3], but have extended pr coverage and total uncertainties reduced by a
factor ranging from 1.05 to 1.6 depending on pr and D-meson species due to the improved
analysis technique described in section 3.3. The measurement of prompt D? mesons is the
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Figure 6. Left: pp-differential production cross sections of prompt and non-prompt D?, Dt, and
DJ mesons in pp collisions at /s = 5.02 TeV. The measurement of prompt DY mesons is the one
reported in ref. [3], with updated decay BR as discussed in the text. Right: ratios of pr-differential
production cross sections of non-prompt and prompt D° D, and D mesons. Statistical (vertical
bars) and systematic uncertainties (boxes) are shown. The symbols are positioned horizontally at
the centre of each pr interval, with the horizontal bars representing the width of the pr interval.

one reported previously in ref. [3], scaled for the updated BR = (3.950 &+ 0.031)% of the
DY — K~nt™ decay reported in ref. [74].

The right panel of figure 6 shows the ratios of the pr-differential cross sections of
non-prompt and prompt D mesons. The statistical uncertainties assigned to each ratio
were computed considering that those of the prompt and non-prompt measurements are
uncorrelated. This assumption is valid since the fraction of D-meson candidates shared
by the two samples is small. The systematic uncertainty related to the determination of
the tracking efficiency and to the luminosity were propagated as correlated in the ratios,
while all the other sources of systematic uncertainties were considered as uncorrelated
between the measurements of prompt and non-prompt D mesons. The ratio increases with
increasing pr for all the three D-meson species up to pr = 12 GeV/¢, as expected due to
the harder pr distribution of beauty hadrons (Hy) compared to D mesons. The ratios for
DT and D° mesons are compatible within uncertainties, while for the DJ meson the central
points are systematically higher compared to the other two D-meson species, suggesting
a larger contribution of beauty-hadron decays to D compared to non-strange D mesons,
although no firm conclusion can be drawn given the current uncertainties.

The pr-differential cross sections of prompt and non-prompt D mesons are compared
to predictions obtained with FONLL [56, 57, 79] and GM-VFENS [60, 61, 63] pQCD calcu-
lations in figure 7 and figure 8, respectively. The FONLL uncertainty band includes the
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uncertainties due to the choice of the renormalisation (ugr) and factorisation (up) scales
and of the ¢ and b quark masses, as well as the uncertainties on the CTEQ6.6 PDFs [81].
In GM-VFENS, the uncertainty related to the choice of the scales is estimated by varying
only pgr and the CTEQ14 PDFs [82] are employed. Within the FONLL framework, the
fragmentation fractions f(c — D) from ref. [83] were used to normalise the prompt D°- and
DT -meson cross sections, while a calculation of the prompt D -meson production cross sec-
tion is not available. For non-prompt D mesons, FONLL calculations were used to compute
the beauty-hadron cross section, while PYTHIA 8 [70, 71] was used for the description of
H;, — D + X decay kinematics and branching ratios. The contributions from the different
beauty-hadron species were weighted according to fragmentation fractions of b quarks into
b-hadron species f(b — Hj},) measured in the Z — bb decays [74] reported in table 2, which
provide a good normalisation for B-meson measurements performed by the ATLAS, CMS,
and LHCDb Collaborations [19, 36, 84]. Two different approaches are instead considered
in the GM-VFNS framework. In the first one, the transition from the beauty quark to
the charm hadron is described in a single step, exploiting a set of FFs for b — D + X ob-
tained from measurements in eTe™ collisions as described in refs. [85, 86]. In the second
approach [63], the b — D + X transition is treated in two separate steps, consisting in the
b — Hy, fragmentation and the Hy, — D + X decay, similarly to what was performed in the
FONLL+PYTHIAS calculation. For this latter approach, only predictions for D° and Dt
mesons are available.

The measured pr-differential cross sections of prompt D DT, and D} mesons are
described within uncertainties by the FONLL and GM-VFNS predictions. In the case
of FONLL, the data lie on the upper edge of the theory uncertainty band, while for the
GM-VFNS calculation, the central values of the predictions tend to underestimate the
data at low and intermediate pr and to overestimate them at high pp. The measured
non-prompt D-meson cross sections are instead in better agreement with the central values
of the FONLL+PYTHIA 8 predictions, while they are underestimated by the GM-VFNS
calculations. In the case of the one-step approach, the predictions are lower than the data
by a factor ranging between 2 and 10 depending on the pt and the particle species. The two-
step approach describes better the non-prompt D? and Dt measurements, nevertheless it
still underestimates the measured cross sections. This confirms that all the different terms
of the factorisation approach play a crucial role in the description of the heavy-flavour
hadron cross sections, indicating the importance of setting stronger constraints on the
fragmentation and decay kinematics.

The visible cross sections of prompt and non-prompt D mesons were computed by
integrating the measured prp-differential cross sections in the measured pp range. The
results are reported in table 3, where the prompt D%-meson cross section is the same as in
ref. [3], scaled for the updated BR of the DY — K~ 7™ decay channel reported in ref. [74].
In the integration of the pp-differential cross sections, the systematic uncertainties were
propagated as fully correlated among the measured pr intervals, except for the raw-yield
extraction uncertainty, which was treated as uncorrelated considering the variations of the
signal-to-background ratio and the shape of the combinatorial-background distribution as
a function of pp. The pp-integrated production cross sections in |y| < 0.5 were evaluated
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b-hadron | Fraction at Z (%) Fraction at pp
()

BY, BT 40.8 +0.7 34.4+2.1

BY 10.0 £0.8 11.5+1.3

AY 8.4+1.1 19.8 4.6

Table 2. Fragmentation fractions of b-quarks into beauty-hadron species in Z — bb decays, and
in pp collisions at /s = 1.96 TeV [74].

by multiplying the visible cross sections by an extrapolation factor calculated as follows.
For prompt D mesons, the extrapolation factor for each D-meson species was computed
using the FONLL central predictions to evaluate the ratio between the production cross
section in |y| < 0.5 and that in the measured pr interval. The systematic uncertainties on
the extrapolation factor were estimated by considering (i) the variation of the factorisation
and renormalisation scales in the FONLL calculation, (ii) the uncertainty on the mass
of the charm quark, and (iii) the CTEQ6.6 PDFs uncertainties, as proposed in ref. [79].
Since FONLL predictions are not available for prompt DI mesons, the central value of the
extrapolation factor was computed as described in ref. [3], using the prediction based on
the pp-differential cross section of charm quarks from FONLL, the fragmentation fractions
f(c = D) and f(c — D}T) from ALEPH measurements [87], and the charm fragmentation
functions from ref. [88]. The measurements of D? and D' mesons extend from pr = 0 up
to pr = 36 GeV/c, leading to an extrapolation factor close to unity and a negligible
associated uncertainty. In the case of non-prompt D mesons, the extrapolation factor was
evaluated using the FONLL predictions for the beauty-hadron production and PYTHIA 8
to describe the H;, — D + X decay kinematics. Besides the uncertainties of FONLL,
for the non-prompt D-meson extrapolation factors two additional sources of systematic
uncertainties were considered, i.e. the uncertainty on (i) the beauty fragmentation fractions
f(b — Hyp) and (ii) the branching ratios of the H, — D + X decays. The former was
estimated considering an alternative set of beauty fragmentation fractions measured in pp
collisions [74] reported in table 2, while for the latter the branching ratios implemented in
PYTHIA 8 were reweighted in order to reproduce the measured values reported in ref. [74].
In addition, it was verified that the extrapolation factors computed with the PYTHIA 8
decayer were compatible with those resulting from the usage of the EvtGen package [89] for
the description of the beauty-hadron decays. The production cross sections for prompt and
non-prompt D mesons in |y| < 0.5 are reported in table 4. The cross sections of prompt DF
and D' mesons are compatible with those reported in ref. [3], but their total uncertainties
are reduced, owing to the improved precision of the pp-differential measurements and the
extended pr range, which implies a smaller fraction of extrapolated cross section.

5.2 Cross section ratios

The pr-integrated cross sections were used to compute the ratios of production yields
among the different D-meson species reported in table 5. In the computation of these
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Meson Kinematic range (GeV/c) Visible cross section (ub)

Prompt

DO 0 < pr < 36 440 £ 19(stat) £ 29(syst) + 9(lumi) + 3(BR)

Dt 0<pr <36 194 + 23(stat) £ 16(syst) + 4(lumi) + 3(BR)

D7 1< pr <24 64 + 9(stat) S(syst) & 1(lumi) + 2(BR)

Non-prompt

DY l<pr<24 14.5 + 1.2(stat) &+ 1.3(syst) £ 0.3(lumi) +
0.1(BR)

Dt 2<pr<16 4.1 £ 0.7(stat) £ 0.4(syst) £ 0.1(lumi) +
0.1(BR)

D7 2 < pp < 12 3.4 4 0.6(stat) % 0.3(syst) = 0.1(lumi) +
0.1(BR)

Table 3. pr-integrated production cross sections in the measured pt range for prompt and non-
prompt D mesons in the range |y| < 0.5 in pp collisions at /s = 5.02 TeV.

Meson Extr. factor to do /dy]jy|<0.5 (1b)
pr >0

Prompt

D0 1.00000-95%08 440 + 19(stat) + 29(syst) + 9(lumi) + 3(BR)

D+t 1.000070-5003 195 + 23(stat) £ 16(syst) + 4(lumi) + 3(BR)

Dt 1.2815:35 82 + 12(stat) + 8(syst) + 2(lumi) 4+ 3(BR) 23 (extr)

Non-prompt

D 1.2810-0 18.4 + 1.5(stat) + 1.6(syst) £ 0.4(lumi) +
O.l(BR)fg:é(extr)

D+ 2.2210-95 9.0 + 1.5(stat) + 0.9(syst) £ 0.2(lumi) +
0.2(BR)*D 2 (extr)

D7 2.037093 6.9 & 1.2(stat) + 0.7(syst) & 0.1(lumi) +
0.2(BR) 152 (extr)

Table 4. Production cross sections of prompt and non-prompt D mesons in the range |y| < 0.5 in
pp collisions at /s = 5.02 TeV.

ratios, the systematic uncertainties related to the tracking efficiency, luminosity, and, for
the prompt D mesons, the contribution due to the subtraction of the component from
beauty-hadron decays, were considered as correlated among the different D-meson species.
The extrapolation uncertainties were also treated as correlated, except for the source of
uncertainty due to the branching ratios of the beauty-hadron decays used in the extrapo-
lation of the pp-integrated cross section of non-prompt D mesons. All the other sources of
systematic uncertainties were propagated as uncorrelated. The D* /D ratio is compatible
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Prompt

D*/D° 0.442 4 0.055(stat) 4 0.033(syst) 4 0.008(BR))

DF /DO 0.186 4 0.028(stat) + 0.015(syst) 4 0.007(BR) 0074 (extr)
D /DT 0.419 4 0.078(stat) + 0.041(syst) 4 0.017(BR) 0 510 (extr)
DI /(DY +D%) | 0.128 & 0.020(stat) + 0.010(syst)=0.005(BR) 3935 (extr)

Non-prompt
D*/D 0.487 4 0.090(stat) + 0.055(syst) 4 0.009(BR) 0097 (extr)
D /D 0.375 = 0.071(stat) + 0.041(syst) 4 0.014(BR) Q0% (extr)
D /DT 0.769 4 0.183(stat) + 0.086(syst) 4 0.030(BR) 0005 (extr)
D /(D% + D7) | 0.252 +0.047(stat) + 0.023(syst) + 0.009(BR) )50 (extr)

Table 5. Ratios of the measured production cross sections of prompt and non-prompt D mesons
in the range |y| < 0.5 in pp collisions at /s = 5.02 TeV.

between prompt and non-prompt D-meson production, while for the DI over non-strange
D meson ratios, the measured values are higher for non-prompt D mesons than for prompt
D mesons with a significance of about 2.5 ¢. This finding is qualitatively expected from the
b — cts and b — ccs weak decays, which enhance DS final states. Moreover, it is consistent
with previous measurements at LEP [83].

A possible pp dependence was investigated computing the pp-differential ratios. The
ratios between the pp-differential production cross sections of DT and DY mesons and the
ratios between the one of Df mesons and the sum of the D? and DT mesons are reported
in the left and right panels of figure 9, respectively. The measured ratios are independent
of pr in the measured pr range within the current experimental precision. They are
also compatible with the FONLL predictions in the case of prompt D and Dt mesons and
FONLL+PYTHIA 8 in the case of non-prompt D mesons. In the right panel of figure 9, the
contributions of D from B? and non-strange B meson decays in the FONLL+PYTHIA 8
calculation are depicted separately to highlight the substantial contribution of non-prompt
D7 mesons from the decay of non-strange B mesons.

The prompt DI /(D?+D™) ratio represents the fragmentation fraction of charm quarks
to charm-strange mesons fs divided by the one to non-strange charm mesons f, + fq, given
that all D** and D*® mesons decay to D? and Dt mesons, and all DT mesons decay to
DI mesons. Considering that the uncertainties in the production ratios reported in table 5
are dominated by the limited precision of the measurements in the low pr region and
that the pr-differential ratios are constant within uncertainties, the ratio of charm-quark
fragmentation fractions was computed by fitting the data with a constant function, leading
to

( Js ) = 0.136 = 0.005(stat) 4 0.006(syst) & 0.005(BR). (5.1)
fu + fd charm
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Figure 9. Ratios between the pr-differential production cross sections of D* and D® mesons (left
panel) and between the one of DI mesons and the sum of the D°- and D*-meson cross sections (right
panel) compared with predictions obtained with FONLL calculations [56, 57] and PYTHIA 8 [70, 71]
for the H;, — D + X decay kinematics. For the non-prompt DF /(D + D¥) ratio, the predictions
for the D from BY and from non-strange B meson decays are also displayed separately.

In addition to the degree of correlation among the D-meson species considered for the
computation of the pp-differential ratios, all the sources of systematic uncertainties except
for the one related to the raw-yield extraction were propagated as fully correlated among
the different pr intervals. A similar strategy was adopted by the LHCb Collaboration for
the beauty sector in ref. [37].

In figure 10, the charm-quark fragmentation-fraction ratio fs/(fu+fq) is compared with
previous measurements of strangeness suppression factor ~s from the ALICE [5], H1 [90],
ZEUS [91], and ATLAS [18] Collaborations. They were divided by a factor two to account
for the difference between ~s and the ratio of fragmentation fractions fs/(fu + fq). The
theoretical uncertainties in case of the H1 result include the branching ratio uncertainty
and the model dependencies of the acceptance determination, while for the ATLAS result
the extrapolation uncertainties to the full phase space are included. All the values are
compatible within uncertainties and with the average of measurements at LEP [83]. The
experimental points are also compared to the value obtained from PYTHIA 8 simulations
with Monash-13 tune [72] and found to be compatible with it within the uncertainties,
even if a tension of about 2.7 standard deviations (including both statistical and systematic
uncertainties) is observed for the result presented in this paper.

A similar procedure was followed to obtain the fragmentation fraction of beauty quarks
to beauty-strange mesons divided by the one to non-strange beauty mesons, starting from
the measured non-prompt DI /(DY + DF) ratio. In the case of non-prompt D mesons,
an additional correction factor was necessary to account for the fraction of non-prompt
DS mesons not originating from BY decays and that of non-prompt D° and D* mesons
not originating from non-strange B-meson decays. This correction factor was computed
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Figure 10. Charm-quark fragmentation-fraction ratio fs/(fu + fa) compared with previous mea-
surements performed by the ALICE [5], H1 [90], ZEUS [91], and ATLAS [18] Collaborations and
to the average of LEP measurements [83]. The total experimental uncertainties (bars) and the
theoretical uncertainties (shaded boxes) are shown. The experimental measurements are compared
to the value obtained from PYTHIA 8 simulations with Monash-13 tune [72].

from FONLL+PYTHIA 8 and a systematic uncertainty was assigned by varying the set
of beauty fragmentation fractions and the beauty-hadron branching ratios, as described
in section 5.1. In the case of DI mesons, BY and non-strange B mesons are expected to
contribute almost equally to the non-prompt DJ cross section as shown in the right panel
of figure 9, while most of the non-prompt D and D mesons come from non-strange B-
meson decays. The pp-differential ratio of beauty-quark fragmentation fractions was then
computed as

( s ) _ [N(DS+ + BY) y N(D°,DF « H) FONLL4+PYTHIA 8
fu + fd beauty ]V(I)s+ — Hb) Z\T(])O7 D+ « BO,-I—)

«( b:

—_ 2

> non—prompt

and fitted with a constant function, as done for the prompt D mesons. The result is

( L ) — 0.127 4 0.036(stat) + 0.012(syst) = 0.005(BR) + 0.005(th),  (5.3)
fu + fd beauty

where the theoretical uncertainty arises from the correction factor in eq. (5.2) for the
fractions of D (DY and DT) mesons originating from BY(B%)-meson decays.

The beauty-quark fragmentation-fraction ratio fs/(fu + fq) is compared with previous
measurements from CDF [92], LHCb [37, 44], and ATLAS [20] Collaborations in figure 11.
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Figure 11. Beauty-quark fragmentation-fraction ratio fs/(fuy=+ fa) from non-prompt D-meson mea-
surements compared with previous measurements performed by the CDF [92], LHCb [37, 44], and
ATLAS [20] Collaborations and to the average of LEP measurements [93]. The total experimental
uncertainties (bars) and the theoretical uncertainties (shaded boxes) are shown. The experimental
measurements are compared to the value obtained from PYTHIA 8 simulations with Monash-13
tune [72].

The ATLAS measurement was divided by a factor two assuming isospin symmetry for the
u and d quarks, which implies f, = fgq. All the f5/(fu + fa) values measured in pp and
pD collisions are found to be compatible with the LEP average, computed by the HFLAV
Collaboration [93] and the value obtained from PYTHIA 8 simulations with Monash-13
tune [72]. It is also interesting to note that the fragmentation-fraction ratios fs/(fu + fa)
are similar for the charm and beauty sectors and are consistent with the ratio of light
strange to non-strange particle production in pp and e*e™ collisions [94].

5.3 Extrapolation to the bb production cross section

The bb production cross section per unit of rapidity at midrapidity (|y| < 0.5) was com-
puted following a similar procedure as the one adopted to derive the pr-integrated produc-
tion cross sections of non-prompt D mesons. In this case, the extrapolation factor ag?tr
was computed as

dUbg/dy FONLL

Ozbgt _ ly|<0.5 (5 4)

extr — _FONLL+PYTHIA 8/, mi ) :
opp (PP™ < pr < PP, Jy| < 0.5)

FONLL

where do, +-/dy| is the bb production cross section obtained with FONLL calculations

ly|<0.5
with a correction for the different shapes of the rapidity distributions of beauty hadrons and

bb pairs, and JES%LLJFPYTHIA 8(10%1in < pr < pr*,|y| < 0.5) is the non-prompt D meson
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cross section in the measured phase space from the FONLL+PYTHIA 8 model. The cor-
rection for the bb rapidity distribution is composed of two factors. The first factor accounts
for the different rapidity distributions of beauty mesons and single beauty quarks and it was
evaluated to be unity in the relevant rapidity range based on FONLL calculations. A 1%
uncertainty on this factor was evaluated from the difference between values from FONLL
and PYTHIA 8. The second correction factor is the ratio (doy/dy)/(doy,/dy), which was

estimated from NLO pQCD calculations (POWHEG [95]) as dalloygl<0'5/d0||3y‘<0'5 = 1.06.
A 1% uncertainty on this factor was estimated from the difference among the values ob-
tained varying the factorisation and renormalisation scales in the POWHEG calculation
and using different sets of PDFs (CT10NLO [96] and CT14NLO [82]). The other sources
of systematic uncertainty on the extrapolation factor, i.e. FONLL, BR(Hp — D + X), and
f(b — Hy), are the same as those described in section 5.1 for the extrapolation of the
pr-integrated production cross sections of non-prompt D meson.

The do,/dy was computed separately for each D-meson species and the three values
were then averaged using the inverse of the quadratic sum of the absolute statistical and
uncorrelated systematic uncertainties as weights. The systematic uncertainties related to
the tracking uncertainty and the extrapolation uncertainties related to FONLL and the
beauty fragmentation fractions were treated as fully correlated among the three D-meson
species, while all the other sources as uncorrelated. The resulting bb cross section at
midrapidity is

dO’bB

1 = 34.5 + 2.4(stat) + 2.5(syst) & 0.7(lumi) = 0.3(BR) 3% (extr)
y

ly|<0.5
+ 0.5(rap. shape) ub. (5.5)

Figure 12 shows the extrapolated do,/dy from each D-meson species and their aver-
age, compared to those obtained from dielectron [97] along with a comparison to FONLL
and NNLO calculations. The values extracted from the three D-meson species are com-
patible within uncertainties among each other and with those obtained from the other two
ALICE measurements, as well as with the FONLL and NNLO predictions. As compared
to FONLL calculations, the inclusion of NNLO corrections leads to a slightly larger central
value, more in agreement with the experimental result based on non-prompt D mesons, and
to reduced theoretical uncertainties. The measurements in pp collisions at /s = 5.02 TeV
are also shown in figure 13 along with the other existing measurements in pp collisions by
the ALICE [10-13] and PHENIX [48] Collaborations at different centre-of-mass energies,
and in pp collisions by the CDF [53] and UA1 [51] Collaborations. The experimental results
are found to be compatible with FONLL and NNLO calculations.

6 Summary

The pr-differential cross sections of prompt and non-prompt D, DT, and DI mesons
were measured at midrapidity (Jy| < 0.5) in pp collisions at /s = 5.02 TeV using a
machine-learning technique based on Boosted Decision Trees. A data-driven method was
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Figure 12. Estimates of do,;/dy at midrapidity from dielectron [97] and non-prompt DY, DY,
and DI meson measured in pp collisions at /s = 5.02 TeV compared to FONLL [56, 57, 79] and
NNLO [65] predictions. The average do,;/dy of the estimates from the single D-meson species is
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Figure 13. Beauty production cross section per rapidity unit at midrapidity as a function of /s
as measured in pp collisions by the ALICE [10-13] and PHENIX [48] Collaborations and in pp
collisions by the CDF [53] and UA1 [51] Collaborations. The ALICE data points are shifted in
the y/s-axis for better visibility. The solid and dashed lines with the shaded band represents the
FONLL [56, 57, 79] and NNLO [65] calculations with their uncertainties, respectively.

— 95—



employed for the evaluation of the fraction of non-prompt D mesons, fuon-prompt, and for
the validation of the FONLL-based method adopted in the measurement of prompt D
mesons. In comparison to previously published results based on the same data sample [3],
the cross sections of prompt DT and DJ mesons have total uncertainties reduced by a
factor ranging from 1.05 to 1.60 and cover an extended transverse-momentum range, down
to pr = 0 and pr = 1 GeV/c for DT and D mesons, respectively. The measurements
of non-prompt mesons were performed in the interval 1 < pt < 24 GeV/c for D mesons,
2 < pr < 16 GeV/c for Dt mesons, and 2 < pr < 12 GeV/c for D mesons. The
measured pp-differential cross sections are compatible with FONLL calculations in the full
pr range of the measurements. For prompt D mesons, the measured values lie on the
upper edge of the FONLL uncertainty band, while the measured non-prompt D-meson
cross sections are in better agreement with the central value of the predictions obtained
using the beauty-hadron cross section from FONLL calculations and the H, — D+ X
decay kinematics from the PYTHIA 8 decayer. The GM-VFENS calculations also describe
the measured prompt D-meson cross sections, while they underestimate the non-prompt
D-meson cross sections. The modelling of the b — D + X transition with a single step
underestimates the measurements by a factor ranging between 2 and 10 depending on
pr. Larger cross sections, in better agreement with the data, are obtained with a two-
step process in which the b — Hy fragmentation and the Hy, — D + X decay kinematics
are factorised. Therefore, this does not invalidate the GM-VFNS calculation of the cross
section of the partonic process, nor the validity of the collinear factorisation, but it confirms
the importance of properly modelling the fragmentation process and the decay kinematics.

The ratios of production cross sections as well as the fragmentation fraction to strange
mesons divided by the one to non-strange mesons for charm quarks,

( fs ) = 0.136 & 0.005(stat) & 0.008(tot. syst),
fu + fd charm

and beauty quarks,

( L ) = 0.127 4 0.036(stat) & 0.014(tot. syst),
f ut f d/ beauty
are compatible with previous measurements by other experiments for different centre-of-
mass energies and colliding systems.

The bb production cross section at midrapidity per unit of rapidity in pp collisions at
/s = 5.02 TeV was estimated from the measured production cross sections of non-prompt
DY D*, and DI mesons using the predictions based on FONLL calculations for the beauty-
hadron cross section and the PYTHIA 8 decayer for the description of the H, — D + X
decay kinematics. The extrapolated do,/dy from each D-meson species are compatible
among each other and with previous ALICE measurements based on dielectrons [97], and
with FONLL and NNLO calculations. The do,/dy determined from the average of the
three D-meson species is

doyg

a4 = 34.5 + 2.4(stat) T3 7 (tot. syst) ub.

ly|<0.5
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The measurements presented in this paper provide an important test for pQCD cal-
culations in the charm and beauty sectors and a precise reference for studies in heavy-ion
collisions.
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