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1 Introduction

Measurements of charm production cross-sections in proton-proton collisions are impor-

tant tests of the predictions of perturbative quantum chromodynamics [1-3]. Predictions

of charm meson cross-sections have been made at next-to-leading order using the gen-
eralized mass variable flavour number scheme (GMVFNS) [3-8] and at fixed order with
next-to-leading-log resummation (FONLL) [1, 2, 9-12]. These are based on a factorisa-

tion approach, where the cross-sections are calculated as a convolution of three terms: the

parton distribution functions of the incoming protons; the partonic hard scattering rate,

estimated as a perturbative series in the coupling constant of the strong interaction; and

a fragmentation function that parametrises the hadronisation of the charm quark into a



given type of charm hadron. The range of y and pr accessible to LHCb enables quantum
chromodynamics calculations to be tested in a region where the momentum fraction, x, of
the initial state partons can reach values below 10~%. In this region the uncertainties on the
gluon parton density functions are large, exceeding 30% [1, 13], and LHCb measurements
can be used to constrain them. For example, the predictions provided in ref. [1] have made
direct use of these constraints from LHCb data, taking as input a set of parton density
functions that is weighted to match the LHCb measurements at /s = 7 TeV.

The charm production cross-sections are also important in evaluating the rate of high-
energy neutrinos created from the decay of charm hadrons produced in cosmic ray interac-
tions with atmospheric nuclei [1, 14]. Such neutrinos constitute an important background
for experiments such as IceCube [15] searching for neutrinos produced from astrophysical
sources. The previous measurements from LHCb at /s = 7TeV [16] permit the evaluation
of this background for incoming cosmic rays with energy of 26 PeV. In this paper measure-
ments at /s = 13 TeV are presented, probing a new kinematic region that corresponds to
a primary cosmic ray energy of 90 PeV.

Measurements of the charm production cross-sections have been performed in different
kinematic regions and centre-of-mass energies. Measurements by the CDF experiment
cover the central rapidity region |y| < 1 and transverse momenta, pt, between 5.5 GeV/c
and 20 GeV/c at /s = 1.96 TeV in pp collisions [17]. At the Large Hadron Collider (LHC),
charm cross-sections in pp collisions have been measured in the |y| < 0.5 region for pp >
1 GeV/c at /s = 2.76 TeV and /s = 7TeV by the ALICE experiment [18-20]. The LHCb
experiment has recorded the world’s largest dataset of charm hadrons to date and this has
led to numerous high-precision measurements of their production and decay properties.
LHCDb measured the cross-sections in the forward region 2.0 < y < 4.5 for 0 < pp < 8 GeV/c
at /s = 7TeV [16].

Charm mesons produced at the pp collision point, either directly or as decay products
of excited charm resonances, are referred to as promptly produced. No attempt is made
to distinguish between these two sources. This paper presents measurements of the cross-
sections for the prompt production of D, D*, DF and D*(2010)* (henceforth denoted as
D**) mesons, based on data corresponding to an integrated luminosity of 4.98 +0.19pb~1.
Charm mesons produced through the decays of b hadrons are referred to as secondary
charm, and are considered as a background process.

Section 2 describes the detector, data acquisition conditions, and the simulation; this
is followed by a detailed account of the data analysis in Section 3. The differential cross-
section results are given in Section 4, followed by a discussion of systematic uncertainties in
Section 5. Section 6 presents the measurements of integrated cross-sections and of the ratios
of the cross-sections measured at /s = 13 TeV to those at 7 TeV. The theory predictions
and their comparison with the results of this paper are discussed in Section 7. Section 8
provides a summary.

2 Detector and simulation

The LHCDb detector [21, 22] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < n < 5, designed for the study of particles containing b or ¢



quarks. The detector includes a high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power of about 4 Tm, and three sta-
tions of silicon-strip detectors and straw drift tubes placed downstream of the magnet. The
tracking system provides a measurement of momentum of charged particles with a relative
uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum
distance of a track to a primary vertex, the impact parameter (IP), is measured with a
resolution of (15 + 29/pt) pm, where pr is the component of the momentum transverse to
the beam, in GeV/c. Different types of charged hadrons are distinguished by information
from two ring-imaging Cherenkov detectors. Photons, electrons and hadrons are identi-
fied by a calorimeter system consisting of scintillating-pad and preshower detectors, an
electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system
composed of alternating layers of iron and multiwire proportional chambers.

The online event selection is performed by a trigger. This consists of a hardware stage,
which for this analysis randomly selects a pre-defined fraction of all beam-beam crossings,
followed by a software stage. This analysis benefits from a new scheme for the LHCb
software trigger introduced for LHC Run 2. Alignment and calibration is performed in
near real-time [23] and updated constants are made available for the trigger. The same
alignment and calibration information is propagated to the offline reconstruction, ensuring
consistent and high-quality particle identification (PID) information between the trigger
and offline software. The larger timing budget available in the trigger compared to LHCb
Run 1 also results in the convergence of the online and offline track reconstruction, such
that offline performance is achieved in the trigger. The identical performance of the online
and offline reconstruction offers the opportunity to perform physics analyses directly using
candidates reconstructed in the trigger [24]. The storage of only the triggered candidates
enables a reduction in the event size by an order of magnitude.

In the simulation, pp collisions are generated with PYTHIA [25] using a specific LHCb
configuration [26]. Decays of hadronic particles are described by EVTGEN [27] in which
final-state radiation is generated with PHOTOS [28]. The implementation of the interaction
of the generated particles with the detector, and its response, uses the GEANT4 toolkit [29]
as described in ref. [30].

3 Analysis strategy

The analysis is based on fully reconstructed decays of charm mesons in the following decay
modes: D° — K—nt, DT — K—ntnt, DY - D%— K~7")nt, Df — (K- K")yrt,
and their charge conjugates. The D° — K ~nt sample contains the sum of the Cabibbo-
favoured decays DY — K~ 7t and the doubly Cabibbo-suppressed decays D’ o K T,
but for simplicity the combined sample is referred to by its dominant component.
The D} — (K~ K™1)gr" sample comprises DY — K~ Ktnt decays where the invariant
mass of the K~ K™ pair is required to be within £20 MeV/c? of the nominal ¢(1020)
mass. To allow cross-checks of the main results, the following decays are also recon-
structed: DT — K~ K*rt, D*t — DY K-ntr=7")nt, and D} — K~ K*7nt, where the



D} — K~ K'rnt sample here excludes candidates used in the D} — (K~ KT),m™ mea-
surement. All decay modes are inclusive with respect to final state radiation.

The cross-sections are measured in two-dimensional bins of pp and y of the recon-
structed mesons, where pr and y are measured in the pp centre-of-mass frame. The bin
widths are 0.5 in y covering a range of 2.0 < y < 4.5, 1 GeV/c in py for 0 < pr < 1 GeV/c,
0.5 GeV/c in py for 1 < py < 3 GeV/c, and 1 GeV/c in pr for 3 < pr < 15 GeV/e.

3.1 Selection criteria

The selection of candidates is optimised independently for each decay mode. For
DY — K—7t decays the same criteria are used for both the D° and D** cross-section
measurements. All events are required to contain at least one reconstructed primary (pp)
interaction vertex (PV). All final-state kaons and pions from the decays of D°, DT and D
are required to be identified with high purity within the momentum and rapidity coverage
of the LHCDb PID system, i.e. momentum between 3 and 100 GeV/c and pseudorapidity
between 2 and 5.

The corresponding tracks must be of good quality and satisfy pp > 200 or 250 MeV/c,
depending on the decay mode. At least one track must satisfy pp > 800 MeV/c, while for
three-body decays, one track has to satisfy pp > 1000 MeV/c and at least two tracks must
have pp > 400 MeV/c. The lifetimes of the weakly decaying charm mesons are sufficiently
long for the final-state particles to originate from a point away from the PV, and this
characteristic is exploited by requiring that all final-state particles from these mesons are
inconsistent with having originated from the PV.

When combining tracks to form D°, DT, and D meson candidates, requirements are
made to ensure that the tracks are consistent with originating from a common decay vertex
and that this vertex is significantly displaced from the PV. Additionally, the angle between
the particle’s momentum vector and the vector connecting the PV to the decay vertex of
the D° (Dt and D}) candidate must not exceed 17(35) mrad. Candidate D** — DOzt
decays are formed by the combination of a D candidate and a pion candidate, which are
required to form a good quality vertex. The D° candidates contained in the D*t sample
are a subset of those used in the measurement of the D° cross-section.

3.2 Selection efficiencies

The efficiencies for triggering, reconstructing and selecting signal decays are factorised into
components that are measured in independent studies. These are the efficiency for de-
cays to occur in the detector acceptance, for the final-state particles to be reconstructed,
and for the decay to be selected. To determine the efficiency of each of these compo-
nents, the full event simulation is used, except for the PID selection efficiencies, where a
data-driven approach is adopted: the efficiency with which pions and kaons are selected
is measured using high-purity, independent calibration samples of pions and kaons from
D*t — D%(— K~7t)r™ decays identified without PID requirements, but with otherwise
tighter criteria. The efficiency in (pr,y) bins for each charm meson decay mode is obtained
with a weighting procedure to align the calibration and signal samples for the variables
with respect to which the PID selection efficiency varies. These variables are the track



momentum, track pseudorapidity, and the number of hits in the scintillating-pad detector
as a measure of the detector occupancy. The signal distributions for this weighting are
determined with the sPlot technique [31] with In x% as the discriminating variable, where
X%P is defined as the difference in y? of the PV reconstructed with and without the particle
under consideration.

A correction factor is used to account for the difference between the tracking efficiencies
measured in data and simulation as described in ref. [32]. This factor is computed in bins
of track momentum and pseudorapidity and weighted to the kinematics of a given signal
decay in the simulated sample to obtain a correction factor in each charm meson (pr,y)
bin. This correction factor ranges from 0.98 to 1.16, depending on the decay mode.

3.3 Determination of signal yields

The data contain a mixture of prompt signal decays, secondary charm mesons produced
in decays of b hadrons, and combinatorial background. Secondary charm mesons will, in
general, have a greater IP with respect to the PV than prompt signal, and thus a greater
value of In x%. The number of prompt signal charm meson decays within each (pr,y) bin
is determined with fits to the In X%P distribution of the selected samples. These fits are
carried out in a signal window in the invariant mass of the candidates and background
templates are obtained from regions outside the signal window. Fits to the invariant mass
distributions are used to constrain the level of combinatorial background in the subsequent
fits to the In x%p distributions.

In the case of the D, DT, and D measurements, the signal window is defined
as 20 MeV/c? around the known mass of the charm meson [33], corresponding to ap-
proximately 2.5 times the mass resolution. Background samples are taken from two
windows of width 20 MeV/c?, centred 50 MeV/c? below and 50 MeV/c? above the cen-
tre of the signal window. For the D*T measurements, the signal window is defined in
the distribution of the difference between the reconstructed D*'T mass and the recon-
structed D° mass, Am = m(D*t) — m(D"), as £3 MeV/c? around the nominal Am value
of 145.43 MeV/c? [33]. The background sample is taken from the region 4.5 MeV/c? to
9 MeV/c? above the nominal Am value.

The number of combinatorial background candidates in the signal window of each
decay mode is measured with binned extended maximum likelihood fits to either the mass
or Am distribution, performed simultaneously across all (pr,y) bins for a given decay
mode. Prompt and secondary signals cannot be separated in mass or Am, so a single
signal probability density function (PDF) is used to describe both components. For the
D° D*, and D measurements the signal PDF is the sum of a Crystal Ball function [34]
and a Gaussian function, sharing a common mode but allowed to have different widths,
whilst the combinatorial background is modelled as a first-order polynomial. The signal
PDF for the D*T measurement is the sum of three Gaussian functions with a common
mean but different widths. The combinatorial background component in Am is modelled
as an empirically derived threshold function with an exponent A and a turn-on parameter
Amy, fixed to be the nominal charged pion mass Amg = 139.57 MeV/c? [33],

g(Am; Amg, A) = (Am — Amg)™. (3.1)



Hadron Prompt signal yield
D° (25.77 £0.02) x 10°
D+ (19.74 £ 0.02) x 10°
Df (11.32 £ 0.04) x 10*
D*+ (30.12 £ 0.06) x 10*

Table 1. Prompt signal yields in the fully selected dataset, summed over all (pT,y) bins in which
a measurement is made.

Candidates entering the Am fit are required to be within the previously defined D° signal
window.

Only candidates within the mass and Am signal windows are used in the Inx% fits.
A Gaussian constraint is applied to the background yield in each (pr,y) bin, requiring it
to be consistent with the integral of the background PDF in the signal window of the mass
or Am fit.

Extended likelihood functions are constructed from one-dimensional PDFs in the In X%P
observable, with one set of signal and background PDFs for each (pr,y) bin. The set
of these PDFs is fitted simultaneously to the data in each (pr,y) bin, where all shape
parameters other than the peak value of the prompt signal PDF are shared between bins.

The signal PDF in In X12p is a bifurcated Gaussian with exponential tails, defined as

( 2 In 2
exp (%L + oL Jf;:) In X%P <u—(pro(l—e)),

5 \2
exp [ — (h"‘lip_ﬂ p=(pro(l =€) <Inxip <p,
) V20(1—¢)
fS(lnXIP;N7U7 €, IOLHOR) = In v2 2
n x3p—p
exp <_ = > i< I < i+ (pro(1+ ),

2 2
Pr _ In xip—p
exp ( 2 ~ PR (1te0 >

Inx? > p+ (pro(1+¢)),

(3.2)
where p is the mode of the distribution, o is the average of the left and right Gaussian
widths, € is the asymmetry of the left and right Gaussian widths, and pr,(g) is the exponent
for the left (right) tail. The PDF for secondary charm decays is a Gaussian function.

The tail parameters p;, and pr and the asymmetry parameter € of the In X%P prompt
signal PDFs are fixed to values obtained from unbinned maximum likelihood fits to sim-
ulated signal samples. All other parameters are determined in the fit. The sums of the
simultaneous likelihood fits in each (pr,y) bin are given in figures 1-4. The fits generally
describe the data well. The systematic uncertainty due to fit inaccuracies is determined
as described in section 5. The sums of the prompt signal yields, as determined by the fits,
are given in table 1.

4 Cross-section measurements

The signal yields are used to measure differential cross-sections in bins of pr and y in the
range 0 < pr < 15 GeV/c and 2.0 < y < 4.5. The differential cross-section for producing
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the charm meson species D in bin i is calculated from the relation

d?0;(D) 1 N;i(D = f+c.c.)
dprdy  AprAy citot(D = f)B(D = f)kLint’

where Apr and Ay are the widths in pr and y of bin i, N;(D — f + c.c.) is the mea-
sured yield of prompt D decays to the final state f in bin 4 plus the charge-conjugate
decay, B(D — f) is the known branching fraction of the decay, and &;ot(D — f) is the
total efficiency for observing the signal decay in bin ¢. The total integrated luminosity
collected Liy; is 4.98 £0.19pb~! and x = 10.7% is the average fraction of events passed

(4.1)
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by the prescaled hardware trigger. The integrated luminosity of the dataset is evaluated
with a precision of 3.8% from the number of visible pp collisions and a constant of pro-
portionality that is measured in a dedicated calibration dataset. The absolute luminosity
for the calibration dataset is determined from the beam currents, which are measured by
LHC instruments, and the beam profiles and overlap integral, which are measured with a
beam-gas imaging method [35].

The following branching fractions taken from ref. [33] are used: B(DT — K~ ntrn™)
(913 £ 0.19)%, B(D** — D%(— K—nt)nt) = (2.63 + 0.04)%, and B(D° — KT7%) =



(3.89 £ 0.05)%. The last is the sum of Cabibbo-favoured and doubly Cabibbo-suppressed
branching fractions, which agrees to better than 1% with the HFAG result that accounts
for the effects of final-state radiation [36]. For the D measurement the fraction of
Df — K~K*n" decays with a K~ K™ invariant mass in the range 1000 < mg- g+ <
1040 MeV/c? is taken as (2.24 +0.13)% [37].

The measured differential cross-sections are tabulated in appendix A. These results
agree with the absolute cross-sections measured using the cross-check modes that are listed
in section 3. Figures 5 and 6 show the D°, DT, D, and D**t cross-section measurements
and predictions. The systematic uncertainties are discussed in section 5 and the theory
contributions are provided in refs. [1-3] and described in section 7.

5 Systematic uncertainties

Several sources of systematic uncertainty are identified and evaluated separately for each
decay mode and (pr,y) bin. In all cases, the dominant systematic uncertainties originate
from the luminosity and the estimation of the tracking efficiencies, amounting to 3.9%
and 5-10%, respectively. Uncertainties in the branching fractions give rise to systematic
uncertainties between 1% and 5%, depending on the decay mode. Systematic uncertainties
are also evaluated to account for the modelling in the simulation, the PID calibration
procedure, and the PDF shapes used in the determination of the signal yields. These
sum in quadrature to around 5%. Table 2 lists the fractional systematic uncertainties for
the different decay modes. Also given are the correlations of each uncertainty between
different (pp,y) bins and between different decay modes. The systematic uncertainties can
be grouped into three categories: those highly correlated between different decay modes and
(pT,y) bins, those that are only correlated between different bins but independent between
decay modes, and those that are independent between different decay modes and bins.

The systematic uncertainty on the luminosity is identical for all (pr,y) bins and decay
modes. The uncertainty on the tracking efficiency correction is a strongly correlated con-
tribution. It includes a per-track uncertainty on the correction factor that originates from
the finite size of the calibration sample, a 0.4% uncertainty stemming from the weighting in
different event multiplicity variables, and an additional 1.1% (1.4%) uncertainty for kaon
(pion) tracks, due to uncertainties on the amount of material in the detector. The per-track
uncertainties are propagated to obtain uncertainties on the correction factor in each (pr,y)
bin of the charm meson, and are included as systematic uncertainties, resulting in a 5-10%
uncertainty on the measured cross-sections, depending on the decay mode.

The finite sizes of the simulated samples limit the statistical precision of the estimated
efficiencies, leading to a systematic uncertainty on the measured cross-sections. As different
simulated samples are used for each decay mode, the resulting uncertainty is independent
between different decay modes and (pr,y) bins.

Imperfect modelling of variables used in the selection can lead to differences between
data and simulation, giving rise to a biased estimate of selection efficiencies. The effect
is estimated by comparing the efficiencies when using modified selection criteria. The
simulated sample is used to define a tighter requirement for each variable used in the
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Uncertainties (%) Correlations (%)
D Dt Df D*f Bins Modes
Luminosity 3.9 100 100
Tracking 3-5 517 4-18 5-20 90-100 90-100
Branching fractions 1.2 2.1 5.8 1.5 100 0-95
Simulation sample size 2-24 4-55 3-55 2-21 - -
Simulation modelling 2 1 1 1 - —
PID sample size 02 01 02 01 0-100 0-100
PID binning 0-44 0-10 0-20 0-15 100 100
PDF shapes -6 15 12 12 - -

Table 2. Systematic uncertainties expressed as fractions of the cross-section measurements, in
percent. Uncertainties that are computed bin-by-bin are expressed as ranges giving the minimum
to maximum values. Ranges for the correlations between pp-y bins and between modes are also
given, expressed in percent.

selection, such that 50% of the simulated events are accepted. The same requirement is
then applied to the collision data sample, and the signal yield in this subset of the data
is compared to the 50% reduction expected from simulation. The procedure is performed
separately for each variable used in the selection. The sum of the individual differences,
taking the correlations between the variables into account, is assigned as an uncertainty on
the signal yield. The corresponding uncertainty on the measured cross-sections is evaluated
with eq. (4.1).

The systematic uncertainties associated with the PID calibration procedure result from
the finite size of the calibration sample and binning effects of the weighting procedure. The
PID efficiency in this calibration sample is determined in bins of track momentum, track
pseudorapidity, and detector occupancy. The statistical uncertainties of these efficiencies
are propagated to obtain systematic uncertainties on the cross-sections. In the weighting
procedure, it is assumed that the PID efficiencies for all candidates in a given bin are identi-
cal. A systematic uncertainty is assigned to account for deviations from this approximation
by sampling from kernel density estimates [38] created from the calibration samples, and
recomputing the total PID efficiency with the sampled data using a progressively finer
binning. The efficiency converges to a value that is offset from the value measured with the
nominal binning. This deviation is assigned as a systematic uncertainty on the PID effi-
ciency. As all decay modes and (pr,y) bins use the same calibration data, this systematic
uncertainty is highly correlated between different modes and bins.

Lastly, the systematic uncertainty on the signal yield extracted from the fits is dom-
inated by the uncertainties on the choice of fit model. This is evaluated by refitting the
data with different sets of PDFs that are also compatible with the data, and assigning a
systematic uncertainty based on the largest deviation in the prompt signal yield.
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6 Production ratios and integrated cross-sections

6.1 Production ratios

The predicted ratios of prompt charm production cross-sections between different centre-
of-mass energies are devoid of several theoretical uncertainties [1-3] that are inherent in the
corresponding absolute cross-sections. Using the present results obtained at /s = 13 TeV
and the corresponding results from LHCb data at /s = 7TeV [16], these ratios, R;3,
are measured for D°, D*, D}, and D*T mesons. The /s = 13TeV measurements are
rebinned to match the binning used in the /s = 7TeV results and the production ratios
are presented for 0 < pr < 8 GeV/c and 2.0 < y < 4.5 in appendix B. In the calculation
of the uncertainties the branching fraction uncertainties cancel, and correlations of 30%
and 50% are assumed for the uncertainties of luminosity and tracking, respectively. All
other uncertainties are assumed to be uncorrelated. Figure 7 shows the measured ratios

compared with predictions from theory calculations [1-3].

6.2 Integrated cross-sections

Integrated production cross-sections, o(D), for each charm meson are computed as the
sum of the per-bin measurements, where the uncertainty on the sum takes into account the
correlations between bins discussed in section 5. For D} and D*T mesons, the kinematic
region considered is 1 < pp < 8 GeV/cand 2.0 < y < 4.5 due to insufficient data below pp =
1 GeV/c, while for D? and D™ the same kinematic region as for the ratio measurements is
used. The upper limit is chosen to coincide with that of the measurements at /s = 7 TeV.

The D° and D** cross-section results contain bins in which a measurement was not
possible and which require a correction that is based on theory calculations. A mul-
tiplicative correction factor is computed as the ratio between the predicted integrated
cross-section within the considered kinematic region and the sum of all per-bin cross-
section predictions for bins for which a measurement exists. This method is based on the
POWHEG+NNPDF3.0L predictions [1] for DY and the FONLL predictions [2] for D**.
The uncertainty on the extrapolation factor is taken as the difference between factors
computed using the upper and lower bounds of the theory predictions and is propagated
to the integrated cross-sections as a systematic uncertainty. Table 3 gives the integrated
cross-sections for D°, D*, D}, and D** mesons.

The ratios of the cross-sections, with the D° and DT results re-evaluated in the kine-
matic region of the DI and D*'T measurements, can be compared with the ratios of the
cross-sections measured at ete” colliders operating at a centre-of-mass energy close to
the T(4S5) resonance [39-41]. A more precise comparison is made here by computing the
ratios of cross-section-times-branching-fractions, o(D) x B(D — f), where the final states
f are the same between the LHCb measurements and those made at eTe™ experiments.
Differential ratios are shown in figure 8 and tabulated results and remaining figures are
presented in appendix C. They exhibit a pr dependence that is consistent with heavier
particles having a harder pr spectrum.
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Extrapolation factor Cross-section (ub)
DY 0<pr<8GeVic 2<y<45b 1.0004 £ 0.0009 3370 &4 4+ 200
Dt 0<pr<8GeV/ic 2<y<4b - 1290 + 8 + 190
DY 1<pr<8GeV/c 2<y<45b 1.0005 £ 0.0009 2460+ 3+£130
Dt 1<ppr<8GeV/c 2<y<45 - 1000+ 3+ 110
Df 1<pr<8GeVic 2<y<45b - 460 + 13 + 100
Dt 1<pr<8GeV/c 2<y<4b 1.0004 £+ 0.0023 880 £ ©5+140

Table 3. Prompt charm production cross-sections in the kinematic ranges given. The computation
of the extrapolation factors is described in the text. The first uncertainty on the cross-section is
statistical, and the second is systematic and includes the contribution from the extrapolation factor.
No extrapolation factor is given for D(t) as a measurement is available in every bin of the integrated
phase space.

The integrated charm cross-section, o(pp — c¢¢X), is calculated as o(D)/(2f(c — D))
for each decay mode. The term f(c¢ — D) is the quark to hadron transition probabil-
ity, and the factor 2 accounts for the inclusion of charge conjugate states in the mea-
surement. The transition probabilities have been computed using measurements at eTe™
colliders operating at a centre-of-mass energy close to the Y(4S) resonance [42] to be
f(c = D) = 0.565 £ 0.032, f(c — D) = 0.246 = 0.020, f(c — D) = 0.080 = 0.017, and
f(c — D*T) =0.224 4 0.028. The fragmentation fraction f(c — D°) has an overlapping
contribution from f(c — D**).

The combination of the DY and D measurements, based on the BLUE method [43],
gives

o(pp = ceX)p <8 Gev/e,2.0 <y < 4.5 = 2940 + 3 + 180 + 160 pib,

where the uncertainties are due to statistical, systematic and fragmentation fraction uncer-
tainties, respectively. A comparison with predictions is given in figure 9. The same figure
also shows a comparison of o(pp — c¢X) for 1 < pr < 8 GeV/c based on the measure-
ments of all four mesons. Ratios of the integrated cross-section-time-branching-fraction
measurements are given in table 4.

7 Comparison to theory

Theoretical calculations for charm meson production cross-sections in pp collisions at
Vs =13TeV have been provided in refs. [1] (POWHEG+NNPDF3.0L), [2] (FONLL),
and [3] (GMVFNS). All three sets of calculations are performed at NLO precision,
and each includes estimates of theoretical uncertainties due to the renormalisation
and factorisation scales. The theoretical uncertainties provided with the FONLL and
POWHEG+NNPDF3.0L predictions also include contributions due to uncertainties in the
effective charm quark mass and the parton distribution functions.

The FONLL predictions are provided in the form of DY, Dt and D** production cross-
sections for pp collisions at /s = 13 TeV for each bin in a subdivision of the phase space,
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Figure 7. Measurements and predictions of the prompt D°, D*, Df, and D*T cross-section ratios.
The dash-dotted lines indicate the unit ratio for each of the rapidity intervals and the dashed lines
indicate a ratio of two. Each set of measurements and predictions in a given rapidity bin is offset
by an additive constant m, which is shown on the plot. No prediction is available for the D7 ratio.
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Figure 8. Ratios of cross-section-times-branching-fraction measurements of (top) DT, (middle)
DF, and (bottom) D** mesons with respect to the D° measurements. The bands indicate the
corresponding ratios computed using measurements from eTe™ collider experiments [39-41]. The
ratios are given as a function of pt and different symbols indicate different ranges in y. The notation
(D — f) is shorthand for o(D) x B(D — f).
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Quantity Measurement

o(DY - K—nt7t) /(DY - K—77) 0.959+8'88§+8'8gg
o(D = [K~K*sn*)/o(D° — K~7) 01075565 0.010,
o(D*" = [K-nt]port)/o(D° — K~ nt) 0244700010056
o(Df - [K-KT|yn")/o(DT — K- ntx™) 0.1121’8‘8834'8‘888
o(D** — [K~n"|por™)/o(DF = K~n'n™) 0.25415:001 0007
o(Df = [K~K¥]gnt)/o(D*F — [K-a*|por™) 0444505157005

Table 4. Ratios of integrated cross-section-times-branching-fraction measurements in the kine-
matic range 1 < pr < 8 GeV/c and 2 < y < 4.5. The first uncertainty on the ratio is statistical and
the second is systematic. The notation o(D — f) is shorthand for o(D) x B(D — f).
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LHCb D° ——
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LHCb D} P
FONLL arXiv:1507.06197
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Figure 9. Integrated cross-sections (black diamonds), their average (black circle and blue band)
and theory predictions (red squares) [1, 2] are shown (left) based on the D° and DT for 0 <
pr < 8 GeV/c and (right) for measurements based on all four mesons for 1 < pr < 8 GeV/c.
The “absolute” predictions are based on calculations of the 13 TeV cross-section, while the “scaled”
predictions are based on calculations of the 13 to 7 TeV ratio multiplied with the LHCb measurement
at 7TeV [16].

pr < 30 GeV/c and 2.0 < y < 4.5. Ratios of these cross-sections to those computed for pp
collisions at 7 TeV are also supplied. The calculations use the NNPDF3.0 NLO [44] parton
densities. These FONLL calculations of the meson differential production cross-sections
assume f(c — D) = 1 and are multiplied by the transition probabilities measured at e*e
colliders for comparison to the current measurements. No dedicated FONLL cross-section
calculation for D} production is available.

The POWHEG+NNPDF3.0L predictions are also provided in the form of D° and D
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production cross-sections for pp collisions at /s = 13 TeV for each bin in a subdivision of
the phase space, pr < 30 GeV/c and 2.0 < y < 4.5. Ratios of 13 to 7TeV cross-sections
are given as well. They are obtained with POWHEG [45] matched to PYTHIAS [46] parton
showers and an improved version of the NNPDF3.0 NLO parton distribution function set
designated NNPDF3.0+LHCb [1]. To produce this improved set, the authors of ref. [1]
weight the NNPDF3.0 NLO set in order to match FONLL calculations to LHCb’s charm
cross-section measurements at 7TeV [16]. This results in a significant improvement in the
uncertainties for the gluon distribution function at small momentum fraction x. Two pre-
dictions for the integrated cross-section are provided, one an absolute calculation, identical
to that for the differential cross-sections, and the other scaled from the 7 TeV measurement.

The GMVFNS calculations include theoretical predictions for all mesons studied in
this analysis. Results are provided for 3 < pr < 30 GeV/c. Here the CT10 [47] set of
parton distributions is used. The GMVFENS theoretical framework includes the convolution
with fragmentation functions describing the transition ¢ — H. that are normalised to the
respective total transition probabilities [7, 48]. The fragmentation functions are taken from
a fit to production measurements at eTe~ colliders, where no attempt is made to separate
direct production and feed-down from higher resonances.

In general, the data shown in figures 5 and 6 agree with the predicted shapes of the
cross-sections at /s = 13TeV for all three sets of calculations. The central values of
the measurements generally lie above those of the theory predictions, albeit within the
uncertainties provided. For the POWHEG+NNPDF3.0L and FONLL predictions, the
data generally lie at the upper edge of the uncertainty band. The GMVFNS predictions
provide the best description of the data, although the cross-sections decrease with pt at a
higher rate than the data near their low pr limit of 3 GeV/c. Similar behaviour is observed
for the /s = 7 TeV measurement [16], where only central values are shown for the FONLL
prediction, which give lower cross-sections than the data. The GMVFNS predictions again
show good agreement, and again exhibit a higher rate as pp approaches 3 GeV/c.

The data are consistently above the predictions for the ratios of cross-sections at /s =
13 TeV and 7TeV, shown in figure 7. In combination with the good agreement at 7TeV,
this indicates that the level of agreement worsenes with the increase in collision energy.
A trend across the LHCb acceptance emerges, especially for the D° ratio: the agreement
worsens with increasing rapidity for low pt while it improves with increasing rapidity for
high pr.

The absolute predictions for the integrated cross-sections show agreement with data
within their large uncertainties, with central values below the measurements. The scaled
POWHEG+NNPDF3.0L prediction, which has smaller uncertainties than the absolute
prediction, does not agree with the data. The measurements are consistent with a linear
scaling of the cross-section with the collision energy.

8 Summary

A measurement of charm production in pp collisions at a centre-of-mass energy of
v/s = 13 TeV has been performed with data collected with the LHCb detector. The shapes
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of the differential cross-sections for D°, DT D** and D mesons are found to be in
agreement with NLO predictions while the predicted central values generally lie below the
data, albeit mostly within uncertainties. The ratios of the production cross-sections for
centre-of-mass energies of 13 TeV and 7TeV have been measured and also show consis-
tency with theoretical predictions. The c¢ cross-section for production of a charm meson
in pp collisions at /s = 13TeV and in the range 0 < py < 8 GeV/c and 2 < y < 4.5 is
2940 + 3 (stat) 4= 180 (syst) & 160 (frag) pb.
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A Absolute cross-sections

Tables 5—8 give the numerical results for the differential cross-sections.

"DIYRUID)SAS [8)0} 1) SI PUOIAS 9} PUB ‘TBIIISIPeIS SI AJUTR)IOOUN JSIT
o1, "(fi‘ld) jo suiq Ul SUOSOW a + o ydwoad 10§ (0/A00 )/qil ur ‘(fip B&E\bm@ ‘SUO11095-SS0.10 Uo1poNpoId [eNUSIShI(] *G S[qe],

900+ €00 F 0£°0
o0+ P00 F 050
200+ FO0F 180

200 F 09°0
0+ €00F 060
€00 F 8T T

200+ €00 F GL0
e FO0OF LT
0T TO0OFFCT

[000ST ‘000FT
[0007T ‘000£T
[000€T 0002 T
[0
[

]
]
]
OOTFOOFSTIT 2T F00FT 0L S00FTeT | [000TT ‘0001T]
0 VIOFS8LO oL POOFFST  S10LFO0FG9C  5e04 L00F9L€ | [000TT ‘0000T]
CEOTETOFILT  HorC00FS0e  SL07C00F Ty Lo 800F8LS | [0000T ‘0006]
NI eI0FLEe 0T 900Fe0s  SEIT900F €S9 S0 TT0OF 056 [0006 0008]
GO OTOFS6F  jogr LOOFFLS G901 SO0FSFIT  SILTO0OFEFT (0008 ‘000.]
CITG0FCe  WOTETOFLS0T 0L 0T0FTYST LI T0F90T S1LT0F LG (000 ‘0009)
0E L G0FOTL ElI1T0FLTT ITLTOFT6T 0e L T0OF 868 SELE0F L6 (0009 ‘000¢]
CEgoFTCE 0T Oy ETE0F Ty T TOFTIL 0L FOF6T6 (000G 0007]
be T 80F LS her SOFC68 borlVOFFIT  S)TG0F98aT ol + TFIGT [000% ‘00G¢€]
a9 0TF 606 EL90FCTET  LE L GOF LTSI T TFss81 b+ 1 F 612 [00g€ 000¢]
oL TFICT 61+ TF 961 ST TF e iy IFEL i+ CF 668 [000€ “0047]
S L CF8IC Gt I FE8C T 1Fsae 1T L T F 607 (005 ‘000¢]
el eFoee Lo F et KT FCI e L TF 69 L eTFars [000Z ‘00¢T]
&L eFase et T F 097 L TF e’y e T F 8es o ¥ F I8¢ [00ST ‘0001]
&L eF o8¢ b T F 98¢ f 1 TF 178 X TFovE 0t € FG9E [000T ‘0]
(il 7 el g°g ‘€] [e¥d ¢z ‘T [>/ ASIN] Ld

i

—90 —



"O1)eW9ISAS [BJ0) 9} SI PUOISS ST} PUR ‘TeIIISIIR)IS ST AJUTRIISOUN JSIT
oy, *(fi‘ld) jo suiq ur suosew _ (7 + (7 3dwoid 10] (9/p95))/qi ut ‘(fip H&E\bm@ ‘SUO014998-§50.10 UO1poNpPoId [RIJUSISPI( 9 O[qel,

e T00FET0
0L TO0FST0
L T00F Ge0
0T 200 F 150
L e00F 0T

200+ 100 F 8T°0
0L TO0F L0
0L 100 F LEO
0T TO0F 650
0005 10°0 F 88°0
00 F8ET

0T T00F 920
S0+ 100 F LE0
100 F 7SO
500+ T00F 9L0
L0 TO0TFCTT
0T T00FGCLT

G100 F 070
T 200F 850
200 F 8L0
S0+ TO0FETT
T e00FILT
L0 e00F 65

[000ST ‘0007 T
[000FT ‘000£T
[000€T ‘00021
[000ZT ‘000TT
[000TT ‘00001
[0000T ‘0006

]

]

]

]

]

]

TEDT800F 860 DT EO0FSHT 0L e00F 63T SL0T€00F 68T  Gens SOOFICTE (0006 ‘0008]
BOLTITOFLET S0 €00F6LT  hepgr €00FGRE g0 €O0F08F  fogs 90°0F 1779 (0008 ‘0002
GOTOTOF6FE  SESTTO0OFPGS  Jeo L FO0F G690 SOOTFLES S0 OTOFE6TI | 00024 0009]
GOTEI0F6LL G0 T900FFO0T  GiL TOFTET el TOFFII 1+ TOFCTC [0009 000¢]
1T T0OFTCT GITTOFTTG BT T0F8ST SETT0FOCE 0ELT0F96E (0006 0007]
1T E0F 8L R A RS AL el T0FCER 51 1 GOF0FG CeLG0F 609 [000F ‘005€]
GELTOFLOF T IT0F9Ts Se L COF ST S TE0F 8L ERLL0FET6 [00g€ 000€]
0e 1 G0F 909 B Te0FeTL R IE0F906 % 0Fcor ST IFICT [000€ 0052]
ae T 80F L LS T 0F 60T )1 0F 63l o TF LT 5 GFOLT (0042 0008]
LT FOFT S TF I E1F691 T TF 981 S e KN [000z ‘005T]

% eFect TG F IS8T L cFa0e X G Fae o LF 161 [00ST ‘0001]

0 QF QIT L eF 10T £ eF 601 oV FOIT i1 6F 601 [000T ‘0]
[saed [F ¢l g ‘gl [Ne¥d [ Ad [/ AdIN] Ld

fi

- 21 —



"DI)RTIO)SAS 810} OY[} SI PUODAS O} PUR ‘[RITISIIRIS ST AJUTRIIOOUN JSIY
oL, “(fi*Ld) yo surq ut suosowr (7 + J( ydwod 10§ (5/A0D) )/qul ut ‘(fip Ldp) /o p ‘suoss-ssord uononpoid [enualeyiq ‘L S[qEL

0F 51007 2800

0F 5007 0FT0

0F Seo0 1 PET0

000ST ‘00071

[ ]

0F Je00 1 CET0  ¢00+ G00F0T0 o0+ €00FTE0 | [0007T ‘000£1]

0F 810078500 (007 G00F0T0  £007a00F a0 5001 FO0OFr0 | [000€T ‘0002T]

0F o007 28T0 007 200F 620 E007200F9¢0 5005700 F €c0 | [0002T ‘00011

0T €00F0T0  E0TE00FIFO  §oor €00FLE0  gogsr SO0OF 060 | [000TT ‘00001]

w0 r TOOF8E0  goor €O0FFLO 200+ €00FTLO o103 900FST'T | [0000T ‘0006

00T CO0F 080  SIOTFO0OFCOT  SIOLFOOFLET L0 800FIIG [0006 ‘0008]

0T ETOFTIC0 QoL 200FPST 9101 S00FeLT SS9 L00F¥SE  orgr clOF#9E (0008 ‘0002

MOLTICOFOLT 1507 800F99C 740+ LOOTFETE o0 r 600F0FF  fopr STOFI9G (0002 ‘0009]

FOTGTOF68E Qo CI0OFEES  So0 TT0OFIL9  fod i €T0F e 60T T0F66 [0009 ‘000¢]

BT 6T0F 089 SO IT0F 866 ST TOF LI CITC0F 19T CITE0F LT (0005 0007]

T 90FSTI LIV OFOSI BT E0FETE SETT0F 097 e TE0F Ve [000F ‘005€]

e 60F TSI 0ETG0F9ET CETCOF6IE oL 90FLsE ot UTF¥TH [00g¢€ ‘000€]

GEITTIF60C EELLOFTOE Se T LOFLLY ca 1 S0F VTS T CFTIY [000¢ ‘0052

gt CTFETE ra L CTF66Y Cs10TFaLe SITFS9 LeFI8 (0092 ‘000¢]

LT FCer N eFyL £ SLTCF L LTV FS9 [000Z ‘0051]

08T F 8F1 0 QF 8 HLTFEL 5 GF 89 o ICF 98 [00GT 000T]
(e [7qe] ¢ ‘el [e¥d "G ‘¢ [/ AOIN] T

fi

- 29 —



*O1YRTUIISAS 210} 91} SI PUOIIS B[} PUL ‘[LITISIIRIS ST AJUTLLIOUN JSIT
oL, *(fi*Ld) jo suiq ut suosowr _ (7 + 4,7 ¥dwoid 10y (9/A0D) )/qu ut ‘(fip Ldp) /o, p ‘SUO109s-55010 U0ONPOId [RIULIOKI( 8 SEL

0T €00 F €T0
0T LO0F €F 0
o1 2000 F 6870

0L e00F VT O
0 €00 F 20
e T00F 170
0 €00 F 250
00+ €00 F L6°0
L E00FeeT

0L e00F L0
200 F 6£°0
0T T00F €90
0 T00F €80
00T EET
G0 P00 F T0T

0L E00TF LE0
0 €00F 290
500+ P00 F LLO
0L FOOFLTT
0T 900 F L8T
0r0 900 F STT
020 +

[000ST ‘0007 T
[000FT ‘000£T
[000€T ‘00021
[000ZT ‘000TT
[000TT ‘00001
[0000T ‘0006

]

]

]

]

]

]

SO L00FOFT  SEOTFO0OFVGT o S00Feee  YEDL600F LYY (0006 ‘0008

XOTBO0OFERT a0t 00FLFY 0L 900FIFS oo FIOF 192 (0008 ‘0002]

GOTLE0FFET o0 600 FTTC I TOFTL 0T 600F 956 YL TOFTIL (0002 ‘0009)
SITE0FEY ST L TOFETL Pe L TOFGCTI e1r TOFOL Tt €0F 8T (0009 ‘000¢]
S FOF TG G C0FCTT 51+ C0F 6'8C SELToFCee Ge1 90F LIV [000S ‘0007
LE L LOFTOC 61 POFGOF S LFOFLIC SELGOFLLS Got ETF6T9 [0007 ‘00¢]
0L 60F 9y oL TFOC e1 1 0F 69 05+ LOFE08 N ITF96 [00g¢€ ‘000¢]
o TF G Gl TFI8 i TFI0T N TFGI ol t P F T [000€ ‘00¢c]
1 CFG6 ELTFCI e TF L ol 1 & F Ge1 T F el [00¢Z ‘0008
e F6al sz F 16T T L91 K eFs1 [000z ‘005T]
L GFsGT L TF I L TFLL L LF 09T [00¢T 000T]
&L 6F89 [000T ‘0]
7 7] [¥ge] g°¢ ‘€] [ewd [xdrd [/ ASIN] d

fi

~ 93 -



B Cross-section ratios at different energies

13 and

Tables 9-12 give the numerical results of the cross-section ratios between /s =

7TeV.
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C Cross-section ratios for different mesons

Figure 10 shows the remaining three ratios of cross-section-times-branching-fraction mea-
surements for different mesons, completing those shown and discussed in section 6. The
numerical values of these ratios are given in tables 13-18.
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Figure 10. Ratios of cross-section-times-branching-fraction measurements of (top) D**, and (mid-
dle) D} mesons with respect to DT cross-sections, and (bottom) D over D** mesons. The
bands indicate the corresponding ratios computed using measurements from ete™ collider exper-
iments [39-41]. The ratios are given as a function of pr and different symbols indicate different
ranges in y. The notation o(D — f) is shorthand for o(D) x B(D — f).
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The ratios of differential production cross-section-times-branching-fraction measurements for

Table 15.

The first uncertainty is statistical, and the second is the

prompt D** and D° mesons in bins of (pr,¥y).

total systematic. All values are given in percent.
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Table 17. The ratios of differential production cross-section-times-branching-fraction for prompt D** and

DT mesons in bins of (pr,y). The first uncertainty is statistical, and the second is the total systematic. All

values are given in percent.
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Table 18. The ratios of differential production cross-section-times-branching-fraction for prompt D and
D** mesons in bins of (pr,y). The first uncertainty is statistical, and the second is the total systematic. All

values are given in percent.
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