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1 Introduction

The production of heavy hadrons in proton-proton collisions is a fundamental process that
provides a crucial test of perturbative quantum chromodynamics (QCD) calculations. However,
large uncertainties persist in current theoretical predictions due to the fact that the masses of
heavy quarks are comparable to the typical energy scales of the hard scattering processes [1, 2].
Moreover, heavy hadrons can be produced promptly via the hadronisation of charm quarks
from the initial hard scattering process, or non-promptly in decays of b-hadrons; precise
predictions of such processes are challenging, due to difficulties in modelling non-perturbative
effects such as hadronisation, as well as uncertainties in the fragmentation functions and
decay dynamics of heavy-flavour hadrons. Given the sizeable theoretical uncertainties,
experimental constraints on heavy hadron production cross-sections are important to improve
calculation techniques, as well as in searches for new physics phenomena, where heavy hadron
production is often either a signal process or a significant background process. For instance,
several charmed and bottom mesons have significant decay branching ratios to 7-lepton final
states [3]; precise cross-section measurements are necessary for using such decays to search
for lepton-flavour-violating 7-lepton decays [4] at the Large Hadron Collider (LHC) [5].
At the LHC, prompt and non-prompt D meson' production in proton-proton (pp)
collisions has been measured by different experiments. The ALICE Collaboration reported

'In this paper, the + symbol is used to represent both charge conjugates inclusively for different D mesons;
the D° symbol is used to represent D° and D° mesons inclusively.



the differential production cross-sections of prompt D°, D*, D** and D;k mesons at a centre-
of-mass energy of /s = 13 TeV, in the mid-rapidity region and in different ranges of transverse
momentum, pr; in particular, the D* meson cross-section was measured up to pr of 50 GeV
and the D meson cross-section was measured up to pr of 36 GeV [6]. Recently, the ALICE
Collaboration published differential production cross-sections of non-prompt D°, D* and D;t
mesons in the range of pr < 24 GeV; the results are compared to the prompt measurements
to evaluate the non-prompt production fraction [7]. Previously, the ALICE Collaboration also
published measurements of D meson production at /s = 2.76, 5.02, and 7 TeV [8-11]. A study
conducted by the CMS Collaboration reported the differential cross-sections of D**, DY and
D* with pr up to 100 GeV based on a partial data sample at /s = 13 TeV collected in 2016 [12].
The LHCb Collaboration published measurements of the production cross-sections of prompt
D°, D*, D** and DF mesons in the range of pr < 15 GeV in the forward region using /s =
13 TeV data [13]. Similarly, the LHCb Collaboration published measurements of D meson
production at /s = 5and 7 TeV [14, 15]. The ATLAS Collaboration has measured D**, D*,
and D meson production at /s = 7TeV [16], but no such measurement has been performed
at /s = 13TeV, and the differential cross-section of the DF meson has not been measured.

This paper presents a measurement of D and D;t meson differential production cross-
sections performed with the ATLAS detector using the pp collision data at /s = 13 TeV
collected during the years 2016-2018. To measure the D* and DF mesons produced at
the LHC, this study makes use of decay channels D*/D¥ — ¢(uu)n™ with semileptonic
final states. In comparison to reconstructing the fully hadronic decays of the D mesons, the
selected decay channels make use of the precise muon reconstruction and identification in the
ATLAS detector, allowing a much cleaner signature with a lower background level. The final
state of two muons and one pion (pum) is fully reconstructed and identified, to construct
the D meson decay vertex. The yields of the D* and DF meson signals are then extracted
simultaneously by fitting the invariant mass distributions of the puum system.

To calculate the production cross-sections, simulated events are used to evaluate the
reconstruction efficiencies and acceptance. Because of the difficulties in separating the D
mesons produced by an initial charm quark (prompt) and those produced by an initial
bottom quark (non-prompt), this study does not attempt to extract the prompt and non-
prompt signal yields separately; however, their relative contributions in simulated events
are constrained to match the data by fitting the pseudo-proper lifetime distribution. The
yields and the cross-sections presented are inclusive of both prompt and non-prompt D
mesons, unless otherwise specified.

The inclusive and differential cross-sections of the D* and D mesons are reported in
the range of || < 2.5 and 12 < pr < 100 GeV and compared with state-of-the-art next-to-
leading-order (NLO) calculations. This is the first differential measurement of the DF meson
production reported by the ATLAS Collaboration, and the first time such a measurement
has been performed up to transverse momenta of 100 GeV at the LHC.



2 ATLAS detector

The ATLAS detector [17] at the LHC covers nearly the entire solid angle around the collision
point.? It consists of an inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating
three large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2T axial magnetic field and provides
charged-particle tracking in the range |n| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit
generally being in the insertable B-layer (IBL) installed before Run 2 [18, 19]. It is followed
by the SemiConductor Tracker (SCT), which usually provides eight measurements per track.
These silicon detectors are complemented by the transition radiation tracker (TRT), which
enables radially extended track reconstruction up to |p| = 2.0. The TRT also provides
electron identification information based on the fraction of hits (typically 30 in total) above a
higher energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |n| < 4.9. Within the region
In| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
In| < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadronic
calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into three barrel
structures within |n| < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid
angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic energy measurements respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking
chambers measuring the deflection of muons in a magnetic field generated by the
superconducting air-core toroidal magnets. The field integral of the toroids ranges between 2.0
and 6.0 T'm across most of the detector. Three layers of precision chambers, each consisting
of layers of monitored drift tubes, cover the region |n| < 2.7, complemented by cathode-strip
chambers in the forward region, where the background is highest. The muon trigger system
covers the range |n| < 2.4 with resistive-plate chambers in the barrel, and thin-gap chambers
in the endcap regions.

The luminosity is measured mainly by the LUCID-2 [20] detector that records Cherenkov
light produced in the quartz windows of photomultipliers located close to the beampipe.

Events are selected by the first-level trigger system implemented in custom hardware,
followed by selections made by algorithms implemented in software in the high-level trigger [21].
The first-level trigger accepts events from the 40 MHz bunch crossings at a rate below 100 kHz,
which the high-level trigger further reduces in order to record complete events to disk at
about 1kHz.

2ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
centre of the detector and the z-axis along the beam pipe. The z-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Polar coordinates (r, ¢) are used in the transverse plane, ¢

being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle 6 as

E+p.
E-p-

n = —Intan(6/2) and is equal to the rapidity y = 3 In (
measured in units of AR = /(Ay)2 + (A¢)2.

) in the relativistic limit. Angular distance is



A software suite [22] is used in data simulation, in the reconstruction and analysis of
real and simulated data, in detector operations, and in the trigger and data acquisition
systems of the experiment.

3 Data sample, event simulation and theoretical predictions

The data used in this analysis were collected in 2016—2018 with the ATLAS detector in pp
collisions at /s = 13 TeV at the LHC. Data collected during 2015 were not used for this
study, because of the unavailability of low-pt di-muon triggers in the di-muon invariant
mass range of interest. The data are selected after requiring each detector component to be
fully operational [23]. The analysed data sample corresponds to an integrated luminosity
of 137fb~1 [24].

To model inelastic events produced in pp collisions, a large sample of Monte Carlo
(MC) simulated events was prepared using the PyTHIA 8.212 [25] event generator. The
simulation was performed using leading-order (LO) matrix elements for all 2 — 2 QCD
processes. Initial-state and final-state parton showering were used to simulate the effect
of higher-order processes. The NNPDF2.3L0 [26] parameterisation provided the parton
distribution functions (PDF) of the proton. The charm quark and bottom quark masses
were set to 1.5 GeV and 4.8 GeV, respectively. The event sample was simulated using the
ATLAS A14 set of tuned parameters [27]. Separate samples were generated for pp — c¢
and pp — bb processes, corresponding to prompt and non-prompt production of D mesons,
respectively. The generated D* and DF mesons were decayed into ¢(uu)m®. The generated
events were passed through a full ATLAS detector simulation [28] based on GEANT4 [29]
and processed with the same reconstruction algorithms as used for the data. The generation
of the simulated event samples includes the effect of multiple pp interactions per bunch
crossing (pile-up), as well as the effect on the detector response due to interactions from
bunch crossings before or after the one containing the hard interaction. The effect of pile-up
was modelled by overlaying the simulated hard-scattering event with inelastic pp collisions
generated with PYTHIA 8.186 [30] using the NNPDF2.3L0 PDF set and the A3 set of tuned
parameters [31]. The simulated events were processed through the same reconstruction
algorithms as used for the data.

The measured cross-sections are compared with the general-mass variable-flavour-number
scheme (GM-VFNS) [1, 32-35] and the fixed-order next-to-leading-logarithm (FONLL) [36, 37]
predictions. These calculations provide more reliable predictions than the traditional NLO
massive and massless calculations in the intermediate and high transverse momentum range,
where the heavy quark mass, m(, is not negligible compared to the transverse momentum of
the quark, prg. Most of the setup for GM-VFNS and FONLL is unchanged as described in the
previous ATLAS measurements [16]; the only updates are the PDF set and the fragmentation
fractions used in the FONLL predictions.

The GM-VFENS prediction aims to combine the massless scheme with the massive scheme.
In the calculation, the charm quark PDF evolves with massless evolution, while the heavy
quark mass is retained in the hard-scattering calculation. With such an approach, the
calculation agrees with the massless scheme at prg > mg, and with the massive scheme at
prg = mq. The GM-VFNS calculation uses the CT14NLO [38] PDF set and the fragmentation



functions are taken from the KKKSO08 set [39]. The prediction is available for both D*
and Dsi mesons; the inclusive (prompt and non-prompt) values are provided by the authors
themselves. The uncertainties in the GM-VFNS predictions are dominated by QCD scale
uncertainties, namely those of the renormalisation and factorisation scales for initial-state
singularities and of the factorisation scale for final-state singularities.

The FONLL calculation consists of three components: the heavy quark production cross-
section calculated in perturbative QCD, the non-perturbative heavy-flavour fragmentation,
and the decay function describing the heavy hadron decay into leptons. The principle of
FONLL is to expand the massless scheme computation in powers of the strong coupling
ag, and replace a finite number of terms with their massive scheme counterparts. For
instance, the massive and massless scheme predictions are matched exactly up to O(a?),
giving predictions that are reliable for both prg &~ mq and prg > mg regions. Currently, the
FONLL calculation is available for the D* meson, but not for the D;t meson [36, 37, 40, 41].
The calculation uses the NNPDF3.0NLO [42] PDF set, and the fragmentation fractions
f(b/c — D) are taken from averaging the LEP measurements [43]. The fragmentation
fractions, updated by the author of ref. [43] using the newest values of charmed hadron decay
branching ratios in ref. [3], are f(b — D¥) =0.21740.011 and f(c — D¥) =0.2194+0.010.3
The theoretical uncertainties considered include the renormalisation and factorisation scale
uncertainties, the pole-mass uncertainties of charm and bottom quarks, the PDF uncertainty,
and the fragmentation-fraction uncertainty.

For both GM-VFNS and FONLL, the inclusive cross-sections at /s = 13 TeV are also
compared with the corresponding values at /s = 7TeV in the same fiducial volume. In
such comparisons, the scale uncertainties at different centre-of-mass energies are assumed
to be fully correlated, in order to evaluate the ratios between cross-sections at different
centre-of-mass energies.

4 Event reconstruction and selection

To identify and select the decay D*/DF — ¢(uu)m™, a series of selection criteria are defined
to enhance the signal-to-background ratio; the selections are summarised in table 1. The
events are first required to have been accepted by two-muon triggers, which pre-selected
muons with certain pr thresholds and a loose di-muon invariant mass requirement. At least
one of the two muons was required to satisfy a pt threshold of 6 GeV; the threshold for the
other muon was either 6 GeV or 11 GeV, depending on the year of data-taking [44]. Combined
ID+MS measurements of track parameters are used to reconstruct muons; they are required
to have pr greater than 6 GeV, to be within the pseudorapidity range of |n| < 2.5, and to
satisfy the Loose identification working point requirements [45]. Di-muon candidates are
also required to contain two selected muons with opposite electric charges @,. The di-muon
invariant mass is required to agree with the ¢ meson mass of 1019.5MeV [3] within a window

3In this paper, the fragmentation fractions obtained by averaging the LEP measurements are used, because
the pr range of interest is relatively high compared to the D and DT meson masses. It is also noted that
the ALICE Collaboration has measured the fragmentation fractions in the low-pr range, where the pr of the
quarks is comparable to the mass of the hadrons (pry & mq). If the fragmentation values obtained by the
ALICE Collaboration were used, the FONLL prediction would be lowered by approximately 10%.



Selection

Muon objects Two muons satisfying the Loose [45] working point
Track object One track satisfying the Loose [46] working point
Transverse momentum Pt > 6GeV, pT. > 1GeV

Opposite charge muons Quy X Quy, = —1

Total charge |Quur| =1

Di-muon invariant mass M — mg| < dm(|n])

L, significance Sig(Lyy) > 3

ay, significance |Sig(ad,)| < 4

Vertex p-value log(pyertex) > —0.8

Highest vertex p-value The vertex with Max(pg®*®*) in the event

Table 1. Summary of selection requirements, with items defined in the text.

dm(|n|) that scales linearly as a function of absolute pseudorapidity |n|, from 24 MeV at
In| = 0 to 48 MeV at |n| = 2.5. This requirement retains approximately 90% of di-muon signal
events in MC simulated events. In addition, one track satisfying the Loose identification
working point requirements [46], with pr of at least 1 GeV and within the pseudorapidity
range of || < 2.5, is required to be reconstructed in the ID.

All possible di-muon-plus-track (uum) combinations that satisfy the total charge
requirement |Q,,~| = 1 are used as inputs to D meson candidate secondary vertex (SV) fits,
to maximize the number of vertex candidates. For each candidate, a primary vertex (PV)
refit [47] is performed after removing the three tracks associated to the candidate, providing
an updated PV position. Due to the D* and DF lifetime, the three-particle SV is often
separated from the primary vertex. The characteristics of the separation between the SV
and the PV are therefore used to reject background. Two projections of the SV displacement
relative to the PV in the transverse plane are used: L, = | Lp| cos Oy and agy = |Ly|sin Oy,
where Lt is the vector connecting the PV and the SV in the transverse plane, and 6,
is the angle between Lt and the transverse momentum pr of the puum candidate. Since

a large separation in L, distributions is observed between signal and background events,

0
TY)
similar to the non-prompt signal. To account for detector resolution, the significance of
0
Ty’
Oqy, are the uncertainties in Ly, and ay,, respectively. The selections placed on these two

variables are Sig(Ls,) > 3 and \Sig(agyﬂ < 4.

a stringent cut is placed on this variable. For a,,, the background distribution has a tail

Lyy and a,, Sig(Lyy) and Sig(al, ), are defined as Ly, /o, and agy/aagy, where oz, and

0

Given the large number of low-pr tracks originating from hadronic activity, many tracks
that are not produced by D meson decays are mistakenly included as candidates. To suppress
these combinatorial backgrounds, which are often poorly reconstructed, requirements are

vertex

placed on the goodness of fits for the SV. The SV p-value py is defined as the probability of
obtaining a y? value larger than that of the reconstructed SV; only SVs with log(pyer*™*) > —0.8

(i.e. pger™* > 0.158 ) are selected. Because of the detector coverage and the trigger thresholds,



the final candidate is required to have pr above 12 GeV and to be within the pseudorapidity
range of |n| < 2.5. In the following sections, pr and n will refer to the transverse momentum
and pseudorapidity of the pum system unless otherwise specified. At the end of the selection

vertex

chain, only the ppum candidate with the highest vertex fit probability p-value py is selected

per event.

5 Signal extraction and cross-section measurement

To extract the signal, the invariant mass of the di-muon-plus-track candidates m,. is
constructed. The yields of the D mesons are then extracted by performing fits to the
distributions of m,, in bins of pr and |n|; the model for this fit is described in section 5.1.
Since evaluating the differential cross-section requires reconstruction efficiencies in multiple
bins, such values are derived from MC simulated events. The reconstruction efficiencies
are different for D mesons produced promptly and non-promptly, of which the relative
contributions can be poorly modelled in MC simulation; therefore, an additional study is
performed to constrain the fraction of non-prompt production from data. This involves
extracting the signal yields in bins of pseudo-proper lifetimes and fitting the resulting
distributions with templates from MC simulated events corresponding to prompt and non-
prompt production; this procedure is described in section 5.2. Finally, the cross-section
calculation is described in section 5.3.

5.1 Invariant mass fit model

Since a fit to the invariant mass my,, is used to extract the signal yield in bins of p, 7,
and lifetime, the fit model must be flexible and stable enough to extract yields in subsets
of data with different sample sizes and signal-to-background ratios. For the D* and DF
signals, the fit models Pp+ and PD;t are chosen to be non-relativistic Voigtian distributions
(Voigt), because of the small number of floating shape parameters (three) and their good
performance based on tests in simulated samples. A Voigtian distribution is the convolution
of a Breit-Wigner distribution with a Gaussian (Gauss) distribution [48]. Since the D*
and DF mesons have negligible natural widths, the detector resolution is absorbed by the
shape parameters of both the Breit-Wigner distribution and the Gaussian distribution. The
background contribution Pgyg, originating mainly from combinatorics, is extracted using a
normalised quadratic exponential distribution. Using RooF'it [49], the extended unbinned
maximum likelihood £(m) of the combined fit function is implemented as the following:

(SDi +SD:E+B)

L

m [T [Sp=Pps(m) + Spz Pps (m) + BPaig(m)] x G(A),

Voigt(m; mp+,yp+,0p+),

n!
PDim

(m) =
(m) =
bz (m)
(m) =
) =

Voigt(m; Mpt; YpE, Op),

2
PBkg m An rm ° e(CIerCQm )

)

G(A) = Gauss(A; pa,on),

where Aporm is the normalisation factor of the quadratic exponential distribution, and Spx+,
Sp+ and B are the yields of D* mesons, DF mesons and background, respectively. The
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Figure 1. Invariant mass distribution of the di-muon-plus-track candidates. The unbinned fit
according to eq. (5.1) is shown as a solid line, with the signal components for the D* and D¥
resonance fit presented as dashed and dotted lines, respectively; the background-only contribution is
shown as a dash-dotted line. The signal yields extracted are also shown with corresponding statistical
uncertainties. The lower panel shows the pull distribution.

Voigtian distributions of the D* and D;t mesons are parameterised by the mean parameters
mp+ and m Dt while yp+ and Ypt are the widths of the Breit-Wigner distributions and the
widths of the Gaussian distributions are op+ and Op- The parameter c; is the linear rate
parameter as in a simple exponential distribution, while the parameter co is the quadratic
part that is multiplied by m?. The mass difference A is defined as m pt — Mp, which is
constrained to be close to the world average mass difference pa [3] of the two D mesons by
using an additional Gaussian constraint G(A) with mean ua and width oa.

In the model, the parameters of interest are the yields Sp+ and S Dt while the other
parameters that determine the background model and the signal shape are regarded as
nuisance parameters. To improve the stability of the fit model, particularly in bins with
low numbers of candidates, fits are performed to the MC simulated events to fix some of
the nuisance parameters, including yp+ and Vpz- The unbinned maximum-likelihood fit
to the mass spectrum is presented in figure 1; for each data point, the pull is defined as
the difference between the data and the fitted model divided by the statistical uncertainty
in the data point. It can be observed in the figure and in the fits to different kinematic
regions in section 5.3 that this approach achieves compatibility with the observed data while
reducing the number of fit parameters.



5.2 Lifetime fit model

This section describes the extraction of prompt and non-prompt lifetime templates from the
MC simulation, together with a template fit to the data to estimate the contribution from
non-prompt processes. To quantify the proportion of non-prompt processes, the non-prompt
fraction fnp is defined as the yield of non-prompt signal divided by the total signal yield.
The two production mechanisms mainly differ in terms of the average decay distance from the
PV. From the reconstructed vertex position, the pseudo-proper-lifetime (hereinafter referred
to as lifetime) 7 of the pum candidates is calculated as:

= M (5.2)
pr

Because of the relatively long lifetime of D* (DF) mesons, they can travel for
approximately 1ps (0.5ps) before they decay into a ¢ meson and a pion. The prompt
contribution therefore includes an exponential distribution (Exp) to describe the physical
exponential decay of the particle, which is convolved with a Gaussian distribution (Gauss)
and an error function (Erf) to account for the detector resolution and the turn-on effect at
low lifetime. The turn-on effect describes the transition in efficiency from zero to a constant
at low lifetime, which is mainly due to the requirement on the significance of L.

For the non-prompt production mode, the B meson, which has a typical lifetime of
1.5ps, can travel a few millimeters before it decays into a D*/ D;t meson. The non-prompt
contribution therefore includes one exponential distribution to account for the cascade decay
of the B meson, and another exponential distribution to account for the lifetime of the
D*/D¥ mesons. As for the prompt contribution, the distribution is also convolved with a
Gaussian distribution and an error function to account for detector effects.

The templates for the non-prompt contribution P,;(7) and the template for the prompt
contribution P (7) are defined as follows:

Py (1) = Exp(T; Tg)) « Exp(T; Tgb) * Gauss(T; ,ubb, U?é’s) « Erf(r; Té’fm_on, Bbb), (5.3)
P.a(1) = Exp(1;75) * Gauss(; 1, 05,) * Erf(7; 75 on, BC)-

Here the asterisk sign * indicates the linear convolution between the functions, 7 is the
lifetime of the secondary vertex, % and 7§ are the lifetime components of the_Di /DF
meson, T%b is the lifetime component of the B meson for the non-prompt decay, ub and pce

represent a constant shift in lifetime due to detector bias, ot
due to detector resolution, 7 on

and o€

g o, describe the smearing

and 7., represent a constant shift in lifetime due to
the turn-on effect, and A% and B¢ are multiplicative factors applied to the lifetime that
determine the sharpness of the turn-on effect. These functions are fitted to the prompt and
non-prompt MC simulated events separately to extract the templates, and the parameters
are fixed before extracting the non-prompt fraction from data.

Before performing a lifetime fit to the data using the MC templates, the signal distribution
must be extracted from data by removing the background contribution. Invariant mass fits
(as described in section 5.1) are performed in bins of the lifetime, 7, allowing the signal
yield N; and its uncertainty o; to be extracted in each lifetime interval ¢ for the data. A
minimum x? fit is performed on the extracted signal distribution using the prompt and
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Figure 2. Template fits to the lifetime distribution extracted from data for (a) D* and (b) DF
mesons in the range of 12 < pp < 20 GeV. The prompt and non-prompt contributions are presented
as dotted and dashed lines, respectively; the combined fits are shown as solid lines. The bin sizes are
variable, and the data points are drawn at the bin centres. The lower panels show the pull distributions.

non-prompt lifetime templates. Since the parameters of the individual MC templates are
fixed, the only fit parameter is the non-prompt fraction fxp. With such an approach, the fits
can extract yields up to lifetimes of 5.0 ps for the D meson and 8.0 ps for the D* meson;
beyond this, there are insufficient data to perform the fits. Because the signal yields are
extracted in finite bins of lifetime, the sharply rising slope at low lifetime cannot be reliably
extracted; therefore, the region with low lifetime is excluded from the fit. For the D* meson,
the region with lifetime less than 1.0ps is excluded; for the DI meson, the region with
lifetime less than 0.5 ps is excluded.

The procedure is applied separately for D* and D¥ mesons across three bins of pr; in
each bin of pr, the individual templates and the combined models are all fitted separately.
The bins are defined to capture the falling shape of fyp, while ensuring enough data are
present in each bin. The bin boundaries in pt are [12, 20, 30, 100] GeV. Figure 2 shows the
extracted signal from data and the fits with the combined model for the first pt region. The
x? divided by the number of degrees of freedom of the fits ranges from 0.6 to 1.5, showing
a good agreement between the model and the data.

Figure 3 shows the extracted non-prompt fraction and the corresponding statistical
uncertainties for both D* and DT in bins of pr. The statistical uncertainties for D* mesons
are larger than those for D mesons. This is due to the lower yield and the longer lifetime of
the D* meson, which reduces the discriminating power of the fit because of the increased
similarity between the prompt and non-prompt shapes.

The non-prompt fraction is then used to construct the weights for the MC simulated
events, such that the non-prompt contribution in data is matched in the MC simulated
events. The uncertainties in the non-prompt fractions are relatively large; therefore, no

,10,
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Figure 3. Estimated non-prompt fraction of (a) D* and (b) DF meson production as a function
of pr, in the fiducial volume defined by 12 < pr < 100 GeV and |n| < 2.5. Only the statistical
uncertainties are shown.

interpretation or comparison is made with theoretical predictions. However, the extracted
uncertainties in the non-prompt fractions allow the systematic uncertainties for the two
production mechanisms to be evaluated.

5.3 Cross-section measurement

The differential cross-section is measured in the fiducial volume defined by 12 < pt < 100 GeV
and |n| < 2.5 for D* and DF mesons, in nine bins of pr and five bins in |n|. To obtain
the differential cross-section in a given bin, the yields of D* and DF mesons in the bin are
obtained from a fit to the triplet mass m,,,r, as described in section 5.1. Figures 4 and 5
show the examples of the invariant mass fits in two regions of |n| and pr, respectively.

For each bin in pr (denoted by ¢) and each bin in |n| (denoted by j), the yield obtained
is then divided by the overall efficiency, bin width, branching ratio B, and the integrated
luminosity to evaluate the differential production cross-section. The differential cross-sections
in pr and |n| are given by the following equations:

do | j:)ﬂt/Dﬁ,E

dprl; [ L£dt x Ct x B(D*/DF — ¢(up)nt) x Aipy’ (5.4)
do . SJD:Q:/D?E .
dinll; — JL£dt x C7 x B(D*/ D5 — ¢(up)m+) x Adln|’

where Sjj + /¥ and Sz) +/pt are the yields of D* and DF signals extracted in bins of pr and

In|, Alpr is the bin width in p, and A7|n| is the bin width in |n|. The integrated luminosity,
[ Ldt, is 137fb~! [24]. The correction factors C* and C7 account for the reconstruction and
selection efficiency and acceptance, which are derived bin-by-bin in pp and |7|, respectively,
using MC simulated events.

The branching ratio of the DF decay chain is given by:
B(Dy — ¢(K K ")r*)

B(Dy — ¢(up)m™) = 5o KF R

X B(¢ — pp), (5.5)
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as the uncertainties of the world average branching ratios of the D¥ — ¢(K+K~)7* and
¢ — KK~ processes combined are better than the branching ratio of D¥ — ¢n* [3]. For
the D* meson, the branching ratio is taken as the product of the branching ratios of the
D* — ¢rt and ¢ — pu processes [3].

The cross-section in the fiducial volume is determined by summing over the bins i of
the differential cross-section as a function of pr, according to:

do

Ofiducial = Z a

i CPT

Alpr. (5.6)

Summing over the differential cross-section in bins of |n| is found to give a consistent result
when compared to summing over pr.

To facilitate the use of the result as a normalisation for other studies and as a comparison
with previous measurements, different fiducial volumes are considered. The lower pt boundary
of 12 GeV corresponds to the lowest p reach; the pr boundaries of 15 and 20 GeV are also
considered. The pt boundary of 15 GeV provides a pt range that is above the trigger efficiency
plateau to reduce the muon and trigger uncertainties; the pt boundary of 20 GeV provides a
pr range compatible with the previous ATLAS measurements [16].

6 Systematic uncertainties

The uncertainties in the signal yields, acceptance correction factors, integrated luminosity,
and the decay branching ratios are propagated linearly to the differential and thus to the
integrated fiducial cross-sections according to eq. (5.4). The systematic uncertainties can
be categorised into detector effects, production modelling, branching ratio, MC simulated
data sample size and signal extraction.

The systematic uncertainties due to detector effects are as follows:

Muon: The uncertainties on the muon reconstruction were evaluated in dedicated studies
using J/¢¥ — pp and Z — pp events [45, 50]. The muon reconstruction and identification
efficiency uncertainties [45] affect the acceptance correction factors in eq. (5.4), while
those on muon momentum calibration [50] can also cause bin migrations in the differential

measurements.

Tracking: The uncertainty in the track reconstruction efficiency arises primarily from
the limited knowledge of the ID material description used in MC simulation. Uncertainties
in track momentum and impact parameter calibration are also accounted for in vertex
fitting and selection [51].

Pile-up: Pile-up refers to the number of simultaneous pp collisions in the same event.
Weights are applied to MC simulation to make the pile-up distribution match that in data
and are varied according to its uncertainty.

Trigger: The trigger efficiencies are measured in data using J/¢¥ — pu events following
the procedure described in ref. [52]. The MC simulated samples are corrected to reproduce
the measured efficiencies, and the uncertainty of the measurement is accounted for as a
systematic uncertainty.
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Luminosity: The uncertainty in the integrated luminosity of the combined data sample
from 2016, 2017, and 2018 is 0.84%, using the same methodology as in ref. [24], and
obtained using the LUCID-2 detector [20] for the primary luminosity measurements,
complemented by measurements using the ID and calorimeters.

The systematic uncertainties due to the modelling of D* and DF meson production are
as follows:

Non-prompt: To correct for the MC modelling of the non-prompt D* and DF meson
production fractions, the procedure described in section 5.2 is used. The uncertainties
on the non-prompt fractions are propagated to the yields of the simulated samples, and
further propagated to the acceptance correction factors.

Kinematics: The MC simulated pr spectra of D* and DF meson production are corrected
to match the distribution extracted from data. The statistical uncertainties in the data
spectra are propagated to the acceptance correction factors using this procedure. The
uncertainties due to the |n| spectra modelling are found to be negligible, while those
of the pr spectra have a small effect when propagated to the differential cross-section
measurements in |7].

The remaining systematic uncertainties are as follows:

Branching ratio (BR): The uncertainties in the branching ratios are taken from ref. [3].
For the D* meson, the total uncertainty in the decay chain is 7.2%, while that of the DF
meson is 7.3%.

MC size: The statistical uncertainty due to limited size of MC simulated signal samples
is propagated to the measurement results via the acceptance correction factors.

Fit model (signal and background): The fit model systematic uncertainties can be
separated into contributions from the signal model and the background model. By varying
the models, the difference in yield is taken as a systematic uncertainty. MC pseudo data
are generated according to the distribution obtained from data, according to Poisson
fluctuations; fits with alternative models are then applied to the pseudo data. For the
signal model, the Bukin model [53] and triple Gaussian models are chosen as alternatives.
For the background model, a simple exponential model is taken as the alternative. By
repeatedly fitting the nominal models and the alternative models to the pseudo data, the
distributions of the yield estimators are obtained. The mean yield differences between the
nominal model and the alternative models are taken as the systematic uncertainties. The
background model systematic uncertainty is also checked to cover the effects of possible
contributions from partially reconstructed D meson decays, such as D¥/DF — ¢rtnr?
decays. Because of the limited amount of data, these uncertainties are evaluated in a
single bin above pt = 40 GeV.

The uncertainties above are evaluated in bins of pt and ||, except for the uncertainties
in the luminosity and branching ratios. Figures 6 and 7 show the systematic uncertainty
profiles of D* and D mesons in bins of pp and |n)|.
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(upper solid line).

For the DI measurement, the largest systematic uncertainty contributions arise from

the decay branching ratios, followed by the trigger uncertainty and background modelling

uncertainty. For the D* cross-section, the background modelling uncertainty dominates

in most of the phase space. The combined systematic uncertainty is mainly in the range
of 10%-14% for the D and 15%-20% for the D* due to the latter being more sensitive

to the choice of background model.
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Differential cross-section [ub]

Range Data GM-VFNS FONLL
dior £ Ostas £ dsyse EIBR 477 £ Otheory a2y T Jheory
00<|n <05  515+0.18+0.71+0.37 6.4113 47453
05<|n<1.0  584+0.19+0.93+0.41 6.2 0 45152
1.0<|pl <15  4.9640.224+0.73+£0.35 58712 4.2754
15<|n <20  3.62+0.18+0.43 +0.26 53708 38759
20<|n <25  3.33+£0.23+£0.49+0.24 45709 3.2708

Table 2. The measured differential cross-sections and the predictions from GM-VFNS and FONLL
calculations for the D* meson in bins of || for 12 < pr < 100GeV. The statistical, systematic
(excluding branching ratio) and branching ratio uncertainties are shown separately for data, while the
total theoretical uncertainties are shown for GM-VFNS and FONLL.

7 Results

The values of the measured differential cross-sections and the theory predictions are shown in
tables 2-5 for D* and D mesons; they are also shown in figure 8. The fiducial cross-section
is summarised in table 6, including the theory predictions available.
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Differential cross-section [pb/GeV]
Range [GeV] Data GM-VFNS FONLL
A % Ostar £ Osyse £ OBR At btheory g & Stheory
1.80£0.23 £0.22 £0.13) x 105 2.45703% x 10 1.8210-5% x 10°

12 < pr <15

5<pr<20 (7.0 £03 409 +0.5 )x10° 85717 x10° 61717 x 10°

20 <pr <25 (210£0.08+£0.25+0.15) x 105  2.767035 x 10°  1.907337 x 10°

25 <pr <30 (92 £04 +£08 +0.7)x10* 1107075 x10°  7.37]% x 10*

40 <pr<50 (8.7 £05 £1.5 £0.6 )x10> 1.087019 x10*  6.8703 x 103

50 < pr <60  (2.45+0.31+£0.43+0.17) x 103 3.897050 x 103 2.417039 x 103

60 < pr < 80 +12 +£15 £0.6

( )
( )
( )
( )
30 <pr <40  (2.86+0.12+0.3440.20) x 10*  3.757043 x 10* 2447038 « 10*
( )
( )
(8.9 )x 102 121709 x10%  7.3758 x 10
( )

80 < pp < 100  (1.78 £0.64 £0.34 £ 0.13) x 10> 3.0870 3% x 102 1.817713 x 102

Table 3. The measured differential cross-sections and the predictions from GM-VFNS and FONLL
calculations for the D* meson in bins of pr for |n| < 2.5. The statistical, systematic (excluding
branching ratio) and branching ratio uncertainties are shown separately for data, while the total
theoretical uncertainties are shown for GM-VFNS and FONLL.

Differential cross-section [pb]

Range Data GM-VFNS
d\n\ £ dstat £ dsyst £ OBR d\n\ + Gtheory

0.0 < g <0.5 2.51-+0.03+0.24+0.18 2.6979:56
0.5< g <1.0 2.61=40.0340.234+0.19 2.6270-9
1.0<|p <15 223+0.0440.18+0.16 2.4619-1
15 < |nl <20 1.79+0.0340.13+0.13 2.22+0-46
2.0<|n <25 1.44+0.04+0.13+0.10 1.90+0:39

Table 4. The measured differential cross-sections and the predictions from the GM-VFNS calculation
for the DF meson in bins of || for 12 < pp < 100GeV. The statistical, systematic (excluding
branching ratio) and branching ratio uncertainties are shown separately for data, while the total
theoretical uncertainties are shown for GM-VFNS.

,17,



Differential cross-section [pb/GeV]
Range [GeV] Data GM-VFNS

d d
dp(; + Ostat T 6syst + 0Br dp(; + 5theory

12<pp<15 (85 +04 £0.8 +0.6 )x10° 1.0273%% x 10°
15<pr <20 (3.04+0.06+0.2940.22) x 10> 3.627378 x 10°
20 < pr <25 (1.0140.01 +£0.08 £0.07) x 10° 1.191512 x 10°
25 <pr <30 (4.20+0.06+0.31+0.31) x 10*  4.751585 x 10
30 <pr <40 (1.4540.02+£0.12£0.11) x 10*  1.647)73 x 10
40 <pr <50  (3.82+0.09+0.36+0.28) x 10°  4.74T0 35 x 103
50 < pr <60 (1.38+0.05+0.13+0.10) x 10°  1.721512 x 10
60 < pr <80  (4.5540.21+0.44 +0.33) x 10> 5.391537 x 102

80 <pr <100 (8.1 £0.9 £0.9 £0.6 )x10' 1.3870% x 102

Table 5. The measured differential cross-sections and the predictions from the GM-VFNS calculation
for the DF meson in bins of pr for |n| < 2.5. The statistical, systematic (excluding branching
ratio) and branching ratio uncertainties are shown separately for data, while the total theoretical
uncertainties are shown for GM-VFNS.
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D¥* inclusive fiducial cross-section at /s = 13 TeV [nb]
Fiducial volume ATLAS GM-VFNS FONLL

0 £ Ostar = 6syst =+ 0Br ox 5the0ry ox 6theory

12 < pr < 100 GeV,|n| < 2.5 10800 +900 + 1300 £ 800 14100735% 1020077300
15 < pr < 100 GeV, || < 2.5 54304550 £ 680 £390 680071259 47307299

20 < pr < 100 GeV, |n| < 2.5 1930 + 160 + 220 + 140 24807350 16701250

DF inclusive fiducial cross-section at /s = 13 TeV [nb]
Fiducial volume ATLAS GM-VFNS

ox 5stat + (Ssyst + (5BR o+ 5theory

12 < pr < 100 GeV,|n| < 2.5 5000+ 360 =470 +360 59001200
15 < pr < 100 GeV, || < 2.5 2440 £ 190 £ 220 + 180 28807510

20 < pr < 100 GeV, |n| < 2.5 920 =+ 60 = 80 & 70 10707355

Table 6. Inclusive D¥ and DF meson production cross-sections in different fiducial volumes defined
by |n| < 2.5 and different pr regions. For the ATLAS measurements, the statistical, systematic
(excluding branching ratio) and branching ratio uncertainties are shown separately; for the theoretical
predictions, the total theoretical uncertainties are shown.
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Figure 8. Differential cross-sections for D* mesons in bins of (a) || and (b) pr, and for DF mesons
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represented by the data points, while the theory predictions from GM-VFNS and FONLL are shown
as dotted and dashed lines, respectively; the uncertainties on the theory predictions are represented
by the hatched areas. The theory predictions are also divided by the measured values to obtain the
ratios between the predictions and the measurements shown in the bottom panels.
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For the D* meson, good agreement is observed at low pr for both the GM-VFNS and
FONLL predictions; the FONLL prediction is in general slightly lower than the measured
differential cross-sections, while the GM-VFNS prediction is slightly higher. For higher pr,
the GM-VFNS prediction gives a larger value than the measured differential cross-section,
while the FONLL prediction is still consistent with the measured values. When comparing
in bins of |n|, good agreement is observed for both predictions, which is consistent with
the observation in the low pr bins.

For the D meson, only the GM-VFNS prediction is available for comparison. Similar
behaviour is observed; the GM-VFNS prediction gives a larger value than the measured
differential cross-section for both |n| and pr, with a trend towards a larger deviation at
higher pr.

The results are compared with those measured with the pp collision data collected at
a centre-of-mass energy of /s = 7TeV in 2010 [16]. Those measurements were performed
using the D¥ — KFr¥r® and DF — ¢(K+K~)n* decays for |n| < 2.1. To perform a
consistent comparison, the difference between the fiducial volumes, particularly in |n|, must
be taken into account. Since the differential cross-section in bins of |n| is rather flat and
well modelled by MC simulation, the ratio of the fiducial volume of || < 2.1 to |n| < 2.5
is derived from MC simulation with a negligible systematic uncertainty. Table 7 shows the
comparison between the fiducial cross-sections measured at /s = 13 TeV and /s = 7TeV.
For the D;t meson, the measurement has a 12% uncertainty, which is an improvement over
the 20% uncertainty in the previous measurement. For the D* meson, the measurement
has a 14% uncertainty, which is larger than the previous uncertainty of 11%, mainly due
to the background uncertainty driven by the low signal yield.

For both the ATLAS measurements, and the theory predictions, ratios between /s =
7TeV and /s = 13 TeV are also computed. The statistical uncertainties in the two ATLAS
measurements are independent because of the different data samples used; the systematic
uncertainties are also assumed to be uncorrelated, because the two measurements used
different decay channels with all main systematic uncertainty contributions being different.
For FONLL and GM-VFENS, the uncertainties are assumed to be fully correlated between
/s = 7TeV and /s = 13TeV, as they are evaluated mainly from the variations of QCD
scale uncertainties in a coherent way. In table 7, it can be seen that the ratios obtained by
GM-VFENS and FONLL are both consistent with the data within the uncertainties. There is,
however, a significant difference between the ratios predicted by GM-VENS and FONLL.
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D¥ inclusive fiducial cross-section [nb]

ATLAS GM-VFENS FONLL

0 &£ dtotal ox §theory ox 5theory
Vs =13TeV 1690 +270 22007550 148071250
Vs =TTeV 888 + 97 9801120 6207 40"

Ratio (13TeV/7TeV)  1.9404 2244004 2.38+0.01

DZ inclusive fiducial cross-section [nb]

ATLAS GM-VFNS

ox 6total o+t 5thcory
Vs =13TeV 810 + 100 9507139
Vs =T7TeV 510 + 100 470758

Ratio (13TeV/7TeV)  1.6+£0.4  2.02+0.05

Table 7. Inclusive D* and DI meson production cross-sections in a fiducial volume defined by
In| < 2.1 and 20 < pp < 100 GeV at /s = 7TeV and /s = 13 TeV. The total uncertainties are shown
for both the ATLAS measurements and the theoretical predictions. The ratios of /s = 13 TeV values
over /s = 7TeV values are also computed by assuming the uncertainties are independent for different
centre-of-mass energies.

8 Conclusions

The production of D* and D::E charmed mesons is measured in the kinematic region 12 < pt <
100 GeV and |n| < 2.5 with the ATLAS detector at the LHC using 137fb~! of /s = 13 TeV
pp collision data. The differential cross-sections in bins of pt and || for D* and DF meson
production are determined and compared with the available NLO QCD predictions. The
fiducial cross-sections for D* and DF meson production are also presented; the values are
compared with the predictions and with the measurement at /s = 7TeV. For the D;t
meson, this is the first measurement of the differential cross-section reported by the ATLAS
Collaboration, and the first time such a measurement has been reported up to transverse
momenta of 100 GeV, providing a benchmark for theoretical calculations in a previously
unexplored kinematic space. The obtained cross-sections are compared with the predictions
from the GM-VFNS and FONLL calculations, and the results are mostly consistent within
the uncertainties, with slight deviation towards high-pt regions.
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