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Abstract Open charm production in proton—proton collisions represents an important tool to investigate some of the most funda-
mental aspects of quantum chromodynamics, from the partonic mechanisms of heavy-quark production to the process of heavy-quark
hadronisation. Over the last decade, the measurement of the production cross sections of charm mesons and baryons in proton—proton
(pp) collisions was at the centre of a wide experimental effort at the Large Hadron Collider. Thanks to the complementarity of the
different experiments, the production of charm hadrons was measured over a wide transverse momentum region and in different
rapidity ranges. In this paper, the measurements of the charm hadrons D°, D**, D™, DY, A} and E performed by the ALICE, CMS
and LHCb collaborations in pp collisions at the centre-of-mass energy /s = 5.02 TeV are combined to determine the total charm
quark production cross section o,z in a novel data-driven approach. The resulting total cc cross section is

oz(pp, 5.02TeV) = 8.34 + 0.22(stat.) %3 (syst.) 43S (extr.) %68 (2,) mb.

The measured charm hadron distributions and corresponding cross sections are compared with the most recent theoretical calcula-
tions.

1 Introduction

Measurements of charm hadron production at the Large Hadron Collider (LHC) represent a unique opportunity to study the properties
of quantum chromodynamics (QCD) in hadron collisions [1]. Charm hadrons are produced in high-energy particle collisions through
the fragmentation of charm quarks, which are generated in early hard-scattering processes. The most common theoretical approach
to describe this production is based on the QCD factorisation theorem [2]. In this framework, the production of hadrons containing
charm or beauty quarks is calculated as a convolution of three independent terms: the parton distribution functions (PDFs) of the
incoming hadrons, the cross sections of the partonic scatterings producing the heavy quarks and the fragmentation functions (FF)
that parametrise the non-perturbative evolution of a heavy quark into a given species of heavy-flavour hadron. Precise measurements
of the production cross sections of the various charm mesons and baryons provide a unique way to establish the region of validity of
the factorisation approach and to quantitatively study the properties of QCD in both the perturbative and non-perturbative regimes.

The LHC provides the ideal experimental apparatus to study charm production in pp collisions. Starting from early 2010, LHC
has collided protons at very high instantaneous luminosity (O(10%3734*)cm=2s~!) and at centre-of-mass energies ranging from
+/5 = 900 GeV to 13 TeV. In addition, the unique design and the complementarity of the four main LHC experiments, namely
ALICE, ATLAS, CMS and LHCb, allow for measurements of the charm meson and baryon production cross sections as a function
of transverse momentum (pr) from zero up to hundreds of GeV/c, and from central to very forward rapidity (y). Over the course of
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Table 1 The summary of the Experiment ALICE CMS LHCb

considered data sets
Luminosity (pb~1) (19.3+0.4)x 1073 27.4+0.6 8.60+0.33
Hadrons DO, D, p**, D¥, A}, EY DO, AF DO, D+, D**, D
pt coverage (GeV/c) 0-36 2-100 0-10
y coverage |y]<0.5 ly|<1.0 2.0<y <45

the last decade, the four LHC experiments have measured the production cross sections of DY, D**, D*, D¥, A¥, g2, =2 and

Q0 at /s =2.76 [3],5.02 [4-12], 7 [13-17] and 13 TeV [18-22].

Perturbative calculations at next-to-leading order, with next-to-leading-log resummation [23-26], have proved to provide a
successful description of the (strange and non-strange) charm mesons and their yield ratios, as a function of transverse momentum
and rapidity [1, 7, 18]. However, theoretical calculations, where the charm fragmentation is tuned on e*e™ and e*p measurements,
are not able to provide a satisfactory description of the charm baryon production cross sections at the LHC [8, 17]. An alternative
approach is offered by general purpose Monte Carlo event generators, such as PYTHIA [27]. Here, the charm production cross
section is calculated to leading order, and corrected by a parton shower. Fragmentation is not handled by fragmentation functions,
but rather by dynamical hadronisation models, which—in particular with recent additions such as junction reconnection and rope
hadronisation [28—-31]—provide a better description of the charm baryon production cross sections. In this paper, we use PYTHIA
8.303, including relevant recent additions, to provide the shape of charm hadron distributions, in order to extrapolate to unmeasured
regions.

While total charm cross-section measurements exist at lower energies [32—34], the total charm cross sections have been measured
only in specific kinematic regions at the LHC. A recent phenomenological work uses the FONLL [25, 26] framework to extrapolate
the DO cross section at /s = 5.02 TeV measured by the ALICE and LHCb collaborations to the full phase space and derives
an estimation of the total charm production cross section [35]. In this article, we review the existing measurements of the DO,
D*, Df, AL, Eg production cross sections as a function of pt and y performed by the ALICE, CMS and LHCb collaborations at
A/s =5.02 TeV [4-12] and combine them into a total charm cross section, extrapolated to the full phase space. The choice of the
centre-of-mass energy was driven by the abundance of available measurements and by the need of providing a complete reference for
existing and future heavy-ion measurements of charm production performed at the same nucleon-nucleon energy. The available data
on charm baryon production are used for the first time to provide an estimation of the total cross section. The extrapolation procedure
is discussed in detail, including the assumptions made. The possible 1% intrinsic charm contribution in the proton, whose existence
has not been confirmed by experimental data, is expected to appear at large rapidity beyond the coverage of LHC experiments and
is not considered in the extrapolation.

The article is organised as follows. In Sect. 2, an overview of the different LHC experiments is presented, together with a
description of the datasets used for the extrapolation. The extrapolation procedure is described in Sect. 3, and results are presented
in Sect. 4.

2 Experiments and data samples

The collision data used in this article have been delivered by the LHC operating at the CERN laboratory and collected by the
ALICE [36], CMS [37] and LHCb [38] collaborations. The results are based on recent measurements published by the ALICE [7-12],
CMS [5, 6] and LHCD [4] collaborations on the open charm production. A summary of the results used is given in Table 1, and
an overview consisting of D-meson cross sections as function of pr is reported in Fig. 1. The integrated luminosities of the data
samples are 19.3 nb~!, 27.4 pb~! and 8.6 pb~! for the ALICE, CMS and LHCb analyses, respectively.

In the following, we briefly summarise the methodology used by each experiment in their own publications.

2.1 ALICE

The ALICE collaboration measured the cross section of prompt DY, D*, D**, D:, A: and E(C) hadrons and their respective
charge conjugates in the range of rapidity |y|< 0.5, using a data sample of about 990 million Minimum Bias (MB) events, which
were collected during the 2017 pp run. This corresponds to an integrated luminosity of about 19.3 nb~! . The charm hadrons
were reconstructed via the hadronic decay channels DY - K—nt, D* - K*K—n*, D** — DOz* with D° — K~ x*,
D} — ¢n* — K*K~n*, A} - pK~n* and A} — pK? — pn*n~ and the semileptonic decay channel 82 — e*E~ v, [39].

The prompt candidates are separated from the non-prompt coming from b-hadron decays either using predictions from FONLL,
or by a data-driven approach based on the impact parameter distributions of the candidates. A different analysis technique is applied
for the prompt D° reconstruction, which is mainly based on particle identification and combinatorial background subtraction. It
allows for extending D° measurement down to pt = 0.
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The pr-differential cross sections of prompt hadrons were obtained as
do fprompt * Nraw | | Viab| <Yfid 1

dpr iy c0s 270y ApT - (Acc X €)prompt - BR - L

Here, Ny is the raw yield extracted in a given pr interval (of width Apt), (Acc X €)prompt is the geometrical acceptance multiplied
by the reconstruction and selection efficiency of prompt hadrons, and fprompt is the fraction of prompt hadrons in the uncorrected
yield. The factor «, accounts for the pr-dependent fiducial acceptance selection on the candidates. A factor 2 was added to the
denominator to take into account that anti-particles are counted in the raw yield, but the corrected yields are given for only one
particle type. Finally, £ = N%B /om B, where N%B is the number of analysed MB events and cep; g = 50.9 mb is the inelastic cross
section for the MB trigger condition.

A detailed description of the reconstruction and selection of the various charm hadrons, including the efficiency estimation and
the systematic uncertainty evaluation, can be found in Refs. [7, 10-12].
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2.2 CMS

The CMS collaboration measured charm cross sections for both prompt [5] and non-prompt [40] D° production in both pp and
heavy-ion collisions through the D® — K ~x* decay. The prompt cross section for pp collisions uses data samples with luminosity
up to 27.4 pb~! from the run at \/s = 5.02 TeV recorded in 2015. The DO rapidity was limited to |y|< 1 in the analysis to profit
from the best possible tracking resolution, and from a dedicated trigger for the high-pt part of the measurement which allowed
the extension of the measurement up to pt = 100 GeV/c [5]. The high background due to the absence of dedicated pion and
kaon identification limited the lower momentum of the measurement to transverse momenta above 2 GeV/c, in a sample of highly
prescaled MB triggered events. The cross sections originally quoted for the sum of D° and D° were divided by 2 for the purpose of
this work, in order to make them consistent with the ALICE convention.

In a separate result [6], A} — pK~x™* final states were measured in the same rapidity range |y|< 1 on the same data set. This
measurement was limited to the transverse momentum region 5 < pr < 20 GeV/c.

The CMS results overlap largely with the ALICE measurements which exhibit higher precision at low pr. Since the total cross
section is driven by the lower pr spectrum, the CMS measurements are not included in the final combination but used for systematic
studies.

2.3 LHCb

The LHCb collaboration measured the cross section of prompt D°, D*, D} and D** mesons at centre-of-mass energy /s = 5.02
TeV, using a data sample with an integrated luminosity of 8.60 4 0.33 pb~! recorded in 2015. The prompt component is separated
from the non-prompt coming from b-hadron decays by using the high resolution of the vertex locator (VELO) detector. Thanks
to the unique LHCb coverage in the forward rapidity region, the measurement is performed in the pt range of 0 < pr < 10
GeV/c for D° and D* mesons, and 1 < pt < 10 GeV/c for D} and D** mesons. The measured rapidity range covers the region
2.0 < y < 4.5. The final states D° — K~ n*, D* — K~n*nx*, D} — ¢n* — K*K~n* and D** — (D° — K~n*)m*
and their charge conjugated are reconstructed. A detailed description of the reconstruction, selection of signals and efficiency
determination is discussed in Ref. [4]. The double-differential cross section is reported as a function of pt and y:

d’c 1 Np
= X
dptdy  AprAy ep xBRx L

(@)

where Apt = 1 GeV/c and Ay = 0.5 are the widths of pt and y bins, Np is the measured signal yield of the D-meson plus
the charge-conjugated yields, €p is the total efficiency for the D-meson, BR is the branching ratio of the decay, and L is the total
integrated luminosity.

3 Extrapolation procedure

As stated in the introduction, the ultimate goal of this paper is to obtain the total c¢ cross section by extrapolating LHC measurements
using PYTHIA for the estimation in the unmeasured regions of phase space. In this section, we will first provide details on the
simulation by introducing the relevant parts of PYTHIA in Sect. 3.1. We then proceed explaining the estimation of the only remaining
free parameter, namely the kinematic charm mass, in Sect. 3.2. Finally, in Sect. 3.3 we explain the extrapolation procedure itself,
with an estimation of extrapolation uncertainty in Sect. 3.4.

3.1 Pythia

The Monte Carlo event generator PYTHIA [27] is one of the standard tools for generating simulated collision events at most of the
collider experiments. In this section, the main model ingredients relevant for charm hadron production are introduced.

When simulating charmed hadron production down to very low pr, both perturbative and non-perturbative aspects need to be
considered [41]. Atleading order (LO), (’)(0432), the processes gqg — cc and gg — cc define the starting point in PYTHIA. A possible,
and common, evolution from the LO processes is to add modifications from new processes in increasing orders of «;. The alternative,
which is used by PYTHIA, is the parton shower approach. While not exact, even to O(c}), it is correct to leading logarithmic order
(LL). This approach adds the possibility of gluon splitting (§ — cc) in the shower, as well as flavour excitation, where a charm
quark from the parton distribution function is put on mass shell by an interaction, allowing charm quarks to be produced in the
shower down to very low pr.

The hard 2 — 2 production requires a suitable, process-dependent phase space cut to be introduced, to avoid soft and collinear
singularities. In this study, we use the PYTHIA model for multiparton interactions [42], which introduces an effective parameter
pt,0 based on arguments of colour screening effects. In this way, we allow for a smooth regularisation of the cross section, and, in
combination with the parton shower approach outlined above, production of charm quark pairs down to non-perturbative scales.
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As the pt parameter is fixed by the total multiplicity and average transverse momentum (pr) of charged particles [43], the only
remaining parameter to fix is the charm mass. In PYTHIA, the default value is 1.5 GeV/c?, based on previous fits to low-energy data
of D-meson production [44].

At this point in the event generation process, the quarks and gluons produced from hard interactions and parton shower must be
transformed to hadrons. In PYTHIA, this is handled by the Lund string fragmentation model [45]. When quarks and gluons move
apart, a colour flux tube modelled as a massless relativistic string with tension « &~ 1 GeV/fm is stretched between them. Once they
are far enough apart that it is energetically favourable to the string to break into hadrons, it will do so, producing new quark-anti-quark
or diquark-anti-diquark pairs in the string breaking. Charm quarks are too heavy to be produced in string breakings. This means
that once the amount of charm quarks available for production of heavy-flavour hadrons is decided by the perturbative calculation,
the total charm production is fixed. The simplest model for baryon production lets the string break into either quarks or diquarks,
with diquark breakings resulting in baryon production. Baryons can, however, also be produced by another mechanism, through the
creation of string junctions in the so-called colour reconnection stage. The main motivation for introducing such models is explained
in the following. The parton shower introduced above is derived in the leading-colour (N, — 00) approximation, which means
that colour flow configurations are uniquely defined by the shower, and no coherence effects between strings exist. Several models
to correct this approximation on the non-perturbative level exist, and while primarily intended to explain the rise of multi-strange
baryons with multiplicity [28, 29, 46] and flow signatures in proton collisions [47, 48], they also have consequences in the charm
sector. The models relevant for this paper are concerned with regions in real space densely populated with strings. When the strings
overlap, coherence effects must be accounted for. Simple qq strings are SU(3) triplets. When they overlap with each other, the
resulting structure is in a higher multiplet state, some of which are lower multiplets associated with string junctions [28, 49], and the
highest multiplet, a so-called rope [29, 50]. The junctions have colour flows connecting multiple quarks in three-quark vertices. As
such, they carry an intrinsic baryon (or anti-baryon) number, and will hadronise as baryons. The highest multiplet has a higher string
tension than a normal triplet string, and when it hadronises, the overall suppression of strange quark production, will decrease. In
the case of charm production, it means, to first order, that relatively more A: baryons will be produced, at the expense of D-mesons,
and that relatively more D} mesons will be produced, at the expense of D*. Since this analysis uses PYTHIA to extrapolate measured
spectra of hadrons to unmeasured regions, it is important to consider these effects. All the models introduce several new parameters,
all of which are estimated in the light-flavour sector. Parameters, which have previously been shown to provide a good description
of the multi-strange baryons in the light sector, are used here as well and are summarised in Table 2 in Appendix 1.

For this study, the most relevant parameter available for tuning is the charm quark mass, as long as the agreement with other data
sets is not compromised, as will be explained in the following.

3.2 Estimating the kinematic charm mass

As explained in Sect. 3.1, the only remaining parameter left influencing the cross section of charmed hadrons is the charm quark
mass. The charm mass enters in both the perturbative matrix elements and in the phase space selection, and the resulting kinematic
charm mass is therefore not required to be identical to the current quark mass, though it should not deviate too far from it. In ref.
[44], a value of m, = 1.5 GeV/c? was chosen, loosely based on data from WAS2 [51], E769 [52] and E791 [53]. We updated this
value using the large amount of recent data on D-meson cross sections from the LHC (Fig. 1).

In PYTHIA simulations, a variation of the charm quark mass m, is performed from m, = 1.1 GeV/c? to 1.9 GeV/c? with steps
of Am. = 0.1 GeV/c? (see Figs. 6, 7 and 8 in Appendix 2). The x2 values are computed between the data and PYTHIA simulations
for each m. value. All available D°, D* and DY data points with pt < 6 GeV/c are used in the calculation to reduce statistical
fluctuations in the data and PYTHIA simulation at higher pr, yielding a total of 4 data points from CMS data, 28 from ALICE and
82 from LHCDb. For the systematic uncertainties in these data points, the uncertainties between experiments are uncorrelated except
for those from the branching ratios. Within each experiment, the CMS points are assumed to be uncorrelated, while both the ALICE
and the LHCD uncertainties are partially correlated. As the correlation between systematic uncertainties in these measurements is
not available, two extreme scenarios are considered: a) All experimental uncertainties between data points are uncorrelated, and b)
all systematic uncertainties between ALICE and LHCb data points are fully correlated. Hence, all the data points are shifted up and
down by lo from their nominal values, and the corresponding x 2 values are calculated. The resulting x 2 versus the charm quark
mass m. is shown in Fig. 2, where the black points denote the uncorrelated scenario, and the red and blue show the fully correlated
scenario with the upper and lower limit, respectively. Fifth-order polynomial functions are used to fit the kinematic charm mass. The
minimum x 2 corresponds to the m.. value that agrees best with the data, which is found to be m. = 1.29, 1.45 and 1.57 GeV /c? for
the red, black and blue points, respectively. The differences between these m, values are considered as the systematic uncertainty
originated from the data uncertainty. The minimum x?2 values around 500 indicate that PYTHIA does not reproduce the D-meson
data perfectly.

The resulting value (£10) for the kinematic charm mass, which will be used in the following, is:

me = 1.45"%12Gev /2. 3)
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Figures 3 and 4 show the measured cross sections for DY and A} compared to the PYTHIA simulations with the bands corresponding
to lo variations around the kinematic charm mass. The same comparison is shown in Appendix 2 for D* (Fig. 9), D} (Fig. 10) and
g9 (Fig. 11).

We recommend to use this value of kinematic charm mass in future charm hadron studies at LHC, along with the model parameters
given in Table 2 in Appendix 1.

3.3 Extrapolation to total cc cross section

The total charm cross section in pp collisions at »/s = 5.02 TeV is derived by extrapolating the available pr- and y-differential cross
sections of charm hadrons to the range 0 < pt < 36 GeV/c and |y|< 8. The contribution to the total cross section above these
bounds is considered to be negligible with respect to that at lower pr, as the do/dy value for charm from FONLL pQCD calculations
[25] falls to O for |y| < 8, and similarly less than 0.01% of the total pr-differential cross section lies above pt = 36 GeV/c.

The measured charm hadron production cross sections are integrated in their visible ranges with a consistent treatment of
correlations in their systematic uncertainties as described in their respective publications. When combining the measurements
together, the uncertainties are assumed to be uncorrelated between experiments, apart from the branching ratio uncertainty, which
is treated as fully correlated.

The extrapolation is performed separately for each hadron species, and in two steps, assuming that the pt and y dependences are
factorisable. First, an extrapolation in pt (where needed) is performed within each experiment’s rapidity range (|y|< 0.5 for ALICE,;
2.0 < y < 4.5 for LHCD). The extrapolation factor is determined by dividing the integrated PYTHIA spectrum for pt < 36 GeV/c
by that within the visible pt range. Then, it is multiplied by the integrated visible production cross section. The statistical and
systematic uncertainties on the integrated measurements are scaled by the same factor. The respective prt extrapolation factors for
each hadron species and experiment are detailed in Table 3.

The extrapolation in rapidity is performed using a similar method, by taking the ratio of the integrated PYTHIA spectra in |y|< 8
over the visible rapidity range for pr < 36 GeV/c. For the D-meson species, where measurements are available for both ALICE
and LHCDb, the visible range comprises the rapidity acceptances of both detectors together; for the charm baryon species where only
ALICE measurements exist, the visible range was taken as |y|< 0.5. The rapidity interpolation factors are detailed in Table 4.

The total charm production cross section, oz, is calculated from the measured ground-state hadron species as

oz =0(D%)+a (DY) +o(D])+0(A))+2 x a(ED). “

As no measured cross section is available for Z} at this collision energy, a factor 2 is applied on the E(C) cross section in the calculation.
This is motivated by the assumption that due to isospin symmetry the production rates of E} and Eg are equivalent, and so enter
into the total charm production cross section equally. At very forward rapidity, the possibility of an enhanced production of E over
E(C) is not considered due to lack of experimental data. The contribution of the €. baryon is considered to be small with respect
to the other hadron species and so is not added to the central value. However, to account for the possible case that the Q2. enters
significantly into the total charm cross section, an upper systematic uncertainty is assigned based on the Eg’+ cross section, under
the extreme assumption of Q¢/EY = 1.

An extrapolation uncertainty is assigned to the total cross section by varying the bare charm mass used as an input parameter
of PYTHIA as discussed above and recalculating the central value of the extrapolated cross section, resulting in an extrapolation
uncertainty of approximately 2%. As the rapidity dependence of Eg’+-baryon production is not well studied yet in pp collisions,
an additional version of the extrapolation was performed, where the Monash tune of PYTHIA was used instead of the enhanced
colour reconnection (CR) mode discussed above. This tune of PYTHIA predicts a significantly smaller charm baryon-to-meson ratio
than the CR mode 2 for both A} and a‘}* baryons as measured by the ALICE collaboration at mid-rapidity. After extrapolating
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Fig. 3 Measured DY cross section as a function of rapidity compared with PYTHIA simulations with the bands corresponding to a 1o variation around the
optimum

with this model, the relative contribution of Eg’+ baryons is reduced by approximately 7%, with corresponding increases in the
relative abundances of D?, D* and A}. The resulting total charm production cross section is lower by 8% with respect to the central
prediction; this value is assigned as a lower bound on the extrapolation uncertainty in the final result.

3.4 Alternative extrapolation

An alternative, model-independent extrapolation method is employed to cross-check the result by replacing the Pythia spectrum
with numerical functions fitted to data. The two-step extrapolation procedure remains unchanged. First, in each visible y interval,
a Tsallis function [54] is used to fit the measured pr-differential cross sections. The extrapolation factor is determined as the ratio
of the integral of the Tsallis function in the range 0 < pt < 36 GeV/c to that within the visible pt range. The integrated visible
cross section is then multiplied by the factor. This step is performed for D°, D* and DY mesons in the y intervals of 0 < y < 0.5,
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Fig. 4 Measured A/ cross section as a function of rapidity compared with PYTHIA simulations with the bands corresponding to a 1o variation around the
optimum

2<y<2525<y<33<y<3535<y<4and4 <y < 4.5, and for A} and Eg baryons in 0 < y < 0.5. Next, for
the extrapolation in rapidity, a Gaussian function is used to fit the extrapolated cross section in 0 < pt < 36 GeV/c as a function
of y for each D-meson species. The extrapolation factor in rapidity is determined similarly, using |y|< 8 as the full rapidity range
and the sum of the ALICE and LHCb acceptance as the visible region. The final extrapolated total cross section is compared to that
extrapolated with Pythia, showing a ~ 4% variation in the final value. This variation is added in quadrature as an extra contribution
to the extrapolation uncertainties in the result.

4 Results and comparison to models

The data from the various experiments compared with PYTHIA with the dedicated tuning discussed in Sect. 3.1 are reported in Figs.
3,4,9, 10, and 11 as a function of rapidity and pr.
The total charm production cross section in pp collisions at 4/s = 5.02 TeV, as obtained from Eq. 4, is
oz = 8.34 £ 0.22(stat.) % (syst.) 938 (extr.) %58 (2,) mb. (5)
The uncertainty sources are as described in Sect. 3. The value is also compared with model calculations from the next-to-leading
order MNR pQCD framework [55] in Fig. 5 and with the charm cross sections measured by other experiments in pp and p—A
collisions at different centre-of-mass energies [32-34]. It should be noted that the other experimental points shown, in particular
those reported by the LHC collaborations at /s = 2.76 TeV and 7 TeV, consider only the contributions of D-mesons scaled by the
estimated fragmentation fractions from e*e™ collisions and do not include measurements of charm baryon production.

The uncertainties on the NLO (MNR) calculation are defined by summing in quadrature the contributions from a) variations in
the factorisation and renormalisation scales ur and u, between 0.5 and 2, with the constraint 0.5 < u¢/u; < 2; b) variations in
the charm mass between m, = 1.2 and 1.8 GeV/c; and c) the uncertainties related to the applied PDF set (CTEQ6.6 [56]). The
value of the cc cross section is more than double the central value of the predictions, but is fully consistent within the theoretical
uncertainties. It should be noted that the central value of the NLO calculations assumes a larger charm mass (m, = 1.5 GeV/c) than
the one determined above from fits to the experimental data, which strongly contributes to the lower predicted central value of the
cross section.

5 Conclusions

The total cc cross section has been extrapolated using the open-charm hadron production measurements from the three LHC
experiments ALICE, CMS and LHCb collected from pp collisions at /s = 5.02 TeV. The results have been presented as a function
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Fig. 5 The total charm production
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of the rapidity of the charm mesons and have, for the case of differential results, been compared to PYTHIA, including recent
improvements in hadronisation models, and for the case of the integrated result, with a state-of-the-art fixed order calculation.

The main result, shown in Fig. 5, represents the most comprehensive measurement to-date of the total cc cross section in pp
collisions. We note that along with an increase in precision with respect to the earlier results due both to the increase in experimental
precision for the LHC experiments between Run 1 and 2 of the LHC and the reduced reliance on model-dependent extrapolations
in rapidity, the measured cc cross section is now exactly at the edge of the uncertainty estimate of the NLO calculation.

The extrapolation procedure has been extensively described, being based on extracted shapes from PYTHIA, followed by a data-
driven approach. We believe that this novel extrapolation procedure, and the slight update in the values of the parameter used in
the shapes extraction, can be adopted in the future for this type of extrapolation at different centre-of-mass energies, as the ones
previously and currently being measured at the LHC as well as at other accelerators.
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Appendix 1: Parameters

See Table 2.
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Table 2 Used parameters for PYTHIA extrapolation and estimation of kinematic charm mass

Parameter name Monash 2013 [43] Used value [30, 31]
ColourReconnection:mode - 1
ColourReconnection:allowDoubleJunRem - off
BeamRemnants : remnantMode 0 1
Ropewalk:ropeHadronization - on
Ropewalk:doFlavour - on
Ropewalk:doShoving - on
PartonVertex:setVertex - on
StringFlav:probStoUD 0.217 0.2
StringFlav:probQQtoQ 0.081 0.078
StringZ:aLund 0.68 0.36
StringZ:bLund 0.98 0.56
StringFlav:mesonCvector 0.88 1.35
StringFlav:probQQltoQQ0join 0.5,0.7 0.0275,0.0275
0.9,1.0 0.0275,0.0275
MultipartonInteractions:pTORef 2.28 2.15
Ropewalk:beta - 0.2
Ropewalk:deltat - 0.05
Ropewalk:gAmplitude - 0.0
Ropewalk:tShove - 0.1

PYTHIA defaults are the so-called Monash tune [43], and the used values are a combination of values from the two tunes in ref. [30], carried out in ref. [31],
with the addition of a changed value of StringFlav:mesonCvector, which is not used elsewhere

Appendix 2: Additional plots and tables

See Figs. 6,7, 8,9, 10, 11 and Tables 3, 4.
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Table 3 Central values of the ALICE, |y|< 0.5 LHCb,2 <y <4.5
extrapolation factors in pT used to
complete the phase space within s 1 1.007
each experiment’s rapidity Dt 1 1.125
coverage + ’
Dy 1.335 1.49
A7 1.001 -
g0 2.707 -
Table 4 Central values of the |ly|< 8
interpolation factors in rapidity
used to convert the total hadron Do 1.853
cross sections from the limited D¥ 1.856
experimental rapidity coverage to + ’
Iy|< 8 Dy 1.862
AL 7.959
0 7.402
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