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1 Introduction

The initial production of charm-anticharm pairs in proton-proton (pp) collisions at the LHC is
governed primarily by quantum chromodynamics (QCD). To the leading order, heavy quarks
and antiquarks are produced in equal amounts [1, 2]. However, this symmetry is altered
during hadronisation due to the influence of the valence quarks in the colliding protons,
resulting in asymmetries between particle and antiparticle production. These asymmetries



are expected to be more pronounced near the beam axis, making them particularly relevant
for the LHCb experiment. Designed to study the decays of charmed and bottom hadrons,
LHCD is instrumented in the forward region, and can observe such effects with high precision.
The production asymmetry is defined as

o(Xe) — U(XC)

Aprod(Xc) O'(Xc) T O'(Xc) ;

(1.1)

where o(X,) denotes the inclusive production cross-section of a charmed meson X, (specifically
X. = D% D, D}) in pp collisions. This includes mesons produced either directly or via
decays of excited charm resonances. Charmed mesons produced through either mechanism are
collectively referred to as prompt. The corresponding cross-section for the charge-conjugate
meson, X, is denoted by o(X_,).

Various theoretical frameworks have explored and discussed charmed meson-antimeson
production asymmetries, notably in the context of the Lund string model [1], cluster-
hadronisation model [3], meson-cloud model [4] and heavy-quark recombination [5, 6]. These
studies show that measuring production asymmetries is crucial for enhancing our understand-
ing of production processes. Their relevance in estimating the atmospheric neutrino flux
has been highlighted [7, 8], along with their relation to the intrinsic charm content of the
proton [9, 10]. In addition, precise knowledge of the production asymmetries of charmed
mesons in pp collisions is an important input to precision measurements of CP-violating
observables at the LHCb experiment, as production asymmetries contribute to background
asymmetries in such measurements [11].

Evidence for production asymmetries at the subpercent level has been reported by the
LHCD collaboration for D(ﬁ) mesons, using pp collision data at the LHC at centre-of-mass
energies of /s = 7 and 8 TeV [12, 13]. The measured D production asymmetry revealed
some discrepancies [13] with respect to PYTHIA8. Production asymmetries are expected to be
sensitive to the implementation of the hadronisation models within the event generators [14].
Following recent efforts to improve such models [15], further comparisons with new data are
desirable. Although production asymmetries are anticipated to diminish at larger centre-of-
mass energies for fixed rapidity [4], experimental evidence for this dependence has not yet
been reported, with only measurements at /s = 7 and 8 TeV currently available.

This paper presents the first measurements of production asymmetries for DY, DT,
and D mesons in /s = 13.6 TeV pp collisions. These asymmetries are measured using
D? — K—nt, Dt — ¢nt, and D} — ¢nt decays, as a function of both the component of
the momentum transverse to the beam (pr) and the pseudorapidity (1) of the charmed
mesons, in two-dimensional intervals spanned by

pr [GeV/d] : [2.5,4.7); [4.7,6.5] ; [6.5,8.5] ; [8.5,25.0].
n:[2.0,3.0]; [3.0,3.5]; [3.5,4.0] ; [4.0,4.5]. (1.2)

The analysis is performed using the first pp collision data collected by the upgraded LHCb
detector [16] during Run 3 of the LHC. The achieved experimental precision is comparable
to existing measurements at lower centre-of-mass energies, despite a significantly lower
integrated luminosity.



2 LHCb Run 3 detector

The LHCb Run 3 detector [16-18] is a single-arm forward spectrometer covering the pseudo-
rapidity range 2 < n < 5, designed for the study of particles containing b or ¢ quarks. This
detector has been substantially upgraded for the Run 3 data-taking period, which started
in 2022. The upgraded detector is designed to operate at an instantaneous luminosity of
2 x 1033 cm =251, approximately five times larger with respect to the Run 1-2 detector.

The tracking system has been fully replaced and consists of a silicon-pixel vertex detector
(VELO) surrounding the pp interaction region [19], a large-area silicon-strip detector (UT)
located upstream of a dipole magnet with a bending power of about 4 T'm, and three stations
of scintillating fibre detectors (SciFi) placed downstream of the magnet [20]. Different types
of charged hadrons are distinguished using information from two ring-imaging Cherenkov
(RICH) detectors [21, 22]. The whole photon detection system of the Cherenkov detectors
has been renewed for the upgraded detector. Photons, electrons and hadrons are identified
by a calorimeter system consisting of an electromagnetic and a hadronic calorimeter [23].
Muons are identified by a system composed of alternating layers of iron and multiwire
proportional chambers [24].

Readout of all detectors into an all-software trigger [25, 26] is a central feature of the
upgraded detector, enabling the reconstruction of events at the LHC bunch-crossing rate of
approximately 30 MHz, and their selection in real time. The trigger system is implemented
in two stages: a first inclusive stage (HLT1) running on GPUs, based primarily on charged-
particle reconstruction, which reduces the data volume by roughly a factor of 20, and a
second stage (HLT2) running on CPUs, which performs the full offline-quality reconstruction
and a selection of physics signatures.

The implementation of this all-software trigger circumvents the limiting systematic
uncertainty in previous measurements of production asymmetries associated with the hardware
trigger [13], and significantly improves the selection efficiency for hadronic decays.

In preparation for analysis, physics data undergoes a centralized, offline processing step
known as Sprucing. Subsequently, highly automated LHCb Analysis Productions deliver
physics-analysis-ready data across the entire LHCb physics program [27, 28]. Analysis specific
computational tasks were managed with the tool Ganga [29].

In the simulation, pp collisions are generated using PyTHIA [30, 31] with a specific LHCb
configuration [32]. Decays of unstable particles are described by EVTGEN [33], in which final-
state radiation is generated using PHOTOS [34]. The interaction of the generated particles
with the detector, and its response, are implemented using the GEANT4 toolkit [35, 36]
as described in ref. [37].

3 Datasets recorded in 2022 and 2023

The datasets, recorded in 2022 and 2023, are the first from the upgraded experiment. During
this period, the detector was still in its commissioning phase, with its performance and
stability improving continuously.

In 2022, data used in this analysis were recorded in two fills of the LHC. The two fills
have different configurations for the dipole magnet’s polarity, referred to as magnet up and
magnet down, swapping the bending direction of the charged particles. In these datasets,



each bunch crossing had an average of either two or three visible pp interactions. The VELO
modules, which are moved towards the beam line at the beginning of a fill, operated with
an extra clearance with respect to the beam line of 1.5 mm, compared to the design value,
for additional safety. The UT detector was not yet installed. Instabilities in the front-end
electronics led to a data acquisition efficiency of about 70%. At the HLT1 stage, data were
processed at an input rate of at most 17 MHz, reconstructing tracks with information from
the VELO and SciFi detectors, and selecting events based on either the activity in the
calorimeters, or using track-based selections. Small movements of the VELO detector from
the design position along the z-direction! were observed, starting with 1 pum/min after closure
and reducing to less than 0.1 um/min after 100 minutes. These movements were corrected for
by frequently updating the detector alignment used in the HLT1 reconstruction according to
the anticipated movement over time. Due to the limited integrated luminosity, all data after
HLT1 could be stored, including the raw detector information. This allowed for a delayed
processing of the data by HLT2, which included improvements in the detector alignment.
This alignment included a fine-grained correction for the movements of the VELO detector
and an improved alignment of the SciFi detector.

In 2023, data were recorded with only one magnet-polarity configuration (magnet down).
After an incident in the LHC-VELO vacuum safety system which deformed the boundary
between the detector and beam volumes, the VELO was retracted horizontally (i.e. along
the x-direction) from its nominal position by initially £31.0mm and later £25.5mm [38].
This affected the detector’s angular acceptance and impact-parameter (IP) resolution, where
the IP is the minimum distance between a particle trajectory and a pp collision vertex (PV).
To avoid unnecessary radiation damage to the detectors and partially mitigate residual
instabilities in the front-end electronics, the experiment operated for the majority of the time
at an instantaneous luminosity corresponding to an average of 1.1 visible pp interactions per
bunch crossing. Moreover, HLT1 operated with relaxed track reconstruction and selection
requirements (with respect to its operation at the design instantaneous luminosity), at an
input rate of the order of 20 MHz. The UT was installed, but not included in the regular
data taking and therefore tracks were reconstructed using only the information from the
VELO and SciFi detectors, as in 2022. The spatial alignment of all detectors was periodically
updated at the time of data taking.

The D° meson production asymmetry is measured using datasets of 2022 and 2023
corresponding to an integrated luminosity of 15 and 162 pb~!, respectively, while for the Dt
and DI meson production asymmetries, the data samples correspond to 15 and 41 pb~ 1,
respectively. The difference in integrated luminosity used for the charged and neutral mesons
is due to the trigger configuration of part of the 2023 data, which did not include the
relevant selections for the measurements with D} and D mesons. The different operating
conditions of the LHCb detector necessitate that data recorded under different configurations
are analysed separately, with corrections applied accordingly. Due to the impact of the open
VELO configuration on the angular acceptance, all measurements at 7 > 4 are determined
using only the data from 2022.

!The LHCb coordinate system is a right-handed system centred on the nominal pp collision point, with the
z-axis pointing along the beam direction towards the detectors downstream, the y-axis pointing vertically
upwards, and the x-axis pointing in the horizontal direction.



4 Methodology

The production asymmetries are determined from the yields of X, and X, mesons, recon-
structed through their decay to a final state f and f, respectively. The raw asymmetry
is defined as

N(Xc%f)_N(Xcﬁ?)
N(X,— f)+N(X,— f)

Araw(Xe = f) = (4.1)
in which N denotes the number of decays observed in the dataset. The raw asymmetry
contains contributions from detector-induced asymmetries, Aget, and potential asymmetries
due to charge parity (CP) symmetry violation in the considered decays, Acp, which are
corrected as discussed later.

The reconstructed charmed mesons are primarily produced directly from pp collisions
(prompt production), while a fraction, fgec, originates from b-hadron decays (secondary
production), with an asymmetry Age.(X.). Given that both CP and production asymmetries
are of order 1%, and detection asymmetries are well below 10%, the following equation

Araw(Xc — f) = (1 - fsec)Aprod(Xc) + Adet(f)
+ ACP<Xc — f) + fsecAsec(Xc)a (4'2>

is valid up to corrections of order 10™4, which is at least one order of magnitude below the
statistical sensitivity of the presented measurement. The different contributions in eq. (4.2)
are determined from data, with minimal input from simulation.

Detector-induced asymmetries depend on the final-state particles of the charmed-meson de-
cay and their kinematics. Accordingly, their determination for the measurement of Apyoq(D°)
follows a different approach with respect to that of the D™ and DJ mesons.

The production asymmetries Appod(Dy) and Aproa(DT) are measured using the decays
D} — ¢rt and DT — ¢r, respectively, with ¢ — K~ K. Due to the final states being
symmetric in the production of the two charged kaons, the relevant detector-induced asym-
metry arises from the different reconstruction efficiencies €(7*) for positively and negatively
charged pions, defined as

e(rt) —e(r)

Al = S )

(4.3)
Residual contributions from any asymmetric kaon-pair production are considered as systematic
uncertainties.

The asymmetry Age(7) consists of two contributions, Ayec(n™) and Apip(7™), where
the former corresponds to the asymmetry in reconstructing the pion track, and the latter
corresponds to the asymmetry related to the pion particle-identification (PID) efficiency.
Each contribution is determined using a specific calibration sample. The determination of
Arec(mT) is performed using a large sample of Kg — mtr~ decays, following the tag-and-
probe method introduced in refs. [14, 39, 40]. The method relies on the assumption that,
due to the negligible magnetic field, VELO tracks are unaffected by instrumental charge
asymmetries — an assumption validated within experimental precision [14, 40]. Values for



Apip(nt) are determined using samples of D — K—7t decays,?> where the D° mesons
are produced in D*(2010)" — D7 " decays (henceforth denoted as D*T), and are selected
without PID requirements [41].

Corrections for possible CP asymmetries in the decay DT — ¢t are applied using the
experimental result Acp(DT — ¢nt) = (0.3 £ 4.0 (stat) & 2.9 (syst)) x 1074 [42]. For the
Df — ¢nt and D° — K~ 7t decays, which primarily occur via Cabibbo-favoured tree-level
amplitudes, the contribution of CP violation is assumed to be negligible.

The production asymmetry of DY mesons is measured with D® — K~7 decays. The
flavour of the D° meson at production can be inferred from the charge of the decay products
up to negligible corrections due to neutral-meson mixing and doubly Cabibbo-suppressed
decays [43]. Here, the measured raw asymmetry receives contributions from detector-induced
asymmetry for the combined K~ 7" meson pair, Aget(K~71). This detection asymmetry is
determined using the combination of decays of D? mesons produced from D** meson decays

Aget (K1) = Apaw(D*T — D%(— K—aP)a ™)
— Apaw(D*T = D= K~ KT)7™) (4.4)
+ Acp(D* - K~ K),

using the charge-symmetric production of the kaons in D° — K~K* decays, and the
measured value of Acp(D? — K~ K*) = (7.74£5.7) x 10~ [11]. The D° mesons produced
from D** decays are subsequently referred to as tagged D° candidates, and represent a
subset of the untagged D° candidates used as the signal.

5 Data selection

5.1 Selection of charged charmed mesons

The decay candidates are selected by the HLT1 trigger based on the presence of either one
track displaced from all PVs with a high pr, or a displaced two-track vertex. Potential biases
are removed by only considering candidates that are triggered by the symmetric kaon pair
at this stage. At the HLT?2 stage, Da;) candidates are selected by combining three tracks
originating from a common vertex, two of which have opposite charge. The sum of the
tracks’ pr is required to be above 3 GeV/c. Each of the tracks must be incompatible with
originating directly from a PV, which is ensured through requirements on the square of the
significance of the IP, x?(IP). The charmed mesons are associated to the PV that has the
smallest IP. The kaon and pion candidates are required to be identified as such using the
information from the RICH detectors.

Offline, candidates are only considered if the invariant mass of the kaon pair, m(K+TK ™),
is in a window of approximately 15 MeV/c? around the known ¢-meson mass [44]. Candidates
with pion momentum below 7 GeV/c exhibit a very large instrumental asymmetry and are
therefore excluded. For the data recorded in 2022 (2023), the pion candidate is required to
have a maximum pr of 5 GeV/c (7 GeV/c) to ensure a good overlap with the calibration sample.

The charmed-meson candidates must be compatible with originating directly from their
associated PV through a requirement on y?(IP). The requirement is stricter for the D -meson

2The inclusion of charge-conjugated processes is implied throughout, unless stated otherwise.
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Figure 1. Invariant-mass distributions of KK~ 7" combinations for positively charged (left) DT
and (right) D} candidates in the 2023 data. Fits to the data points are also shown.

selection in 2023 data than in 2022 data, due to the worsened IP resolution and the expected
larger background contamination. Despite this selection, contributions from b-hadron decays
are expected to remain, which are estimated using those charmed-meson candidates that fail
the x2(IP) requirement in addition. Examples of the y?(IP) distributions in data, along with
the impact of the selection requirements in different years of data taking, are presented in
section 7, in which estimates of the residual secondary component are also presented.

Due to an imperfect detector alignment, charge-dependent inaccuracies in the determi-
nation of a particle’s momentum can occur, also known as curvature biases. These biases
are mostly present for the data recorded in 2023, for which the global alignment procedure
was complicated due to the open VELO configuration and the exclusion of the UT, and are
mitigated by an offline calibration. No such calibration is needed for the 2022 data, which
benefited from an improved alignment in the delayed processing, reducing the curvature biases
to a negligible level. The offline calibration uses D™ — K~ 7 +t7T™ decays to determine the
momentum-scale factors for which the invariant-mass distributions of the D* and D~ mesons
agree. This last calibration primarily impacts the measurements at low charmed-meson pr,
where the asymmetries change by about 0.2%.

Approximately 107x10% and 72x 103 D{ decays are selected in 2022 and 2023, respectively.
The signal yields after selection for Dt decays are approximately 61 x 10% in 2022 and 94 x 103
in 2023. The invariant-mass distribution of the K+ K~ 7t combination, m(K+K~7t), which
also illustrates the purity of these data, is presented in figure 1 for the 2023 data. The
distributions for the other datasets are presented in appendix B.

5.2 Selection of the Kg — w7~ calibration channel

Decays of the type Kg — w7, used to determine Ae.(77), are selected through a set of
dedicated HLT?2 trigger selections. These selections consider 777~ meson pairs, where one
pion, the probe, is reconstructed using only information from the VELO, while the other is
reconstructed using information from all the tracking detectors. Since the Kg mesons are
produced in abundance at the LHC, especially at low pr, not all events containing Kg mesons
can be retained. For this purpose, the HLT?2 selections suppress these candidates through
random filters, using four intervals in the inferred p of the probe pion and favouring those
at higher pr to aid the kinematic overlap with that of signal pions. The HLT1 selection is
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Figure 2. Invariant-mass distribution of 777~ combinations for K¢ candidates, obtained by
constraining the origin of the K(S) meson to its associated PV, in the 2023 data. A fit to the data
points is also shown.

independent of the probe pion to avoid possible biases in determining the reconstruction
asymmetries. Exploiting the long lifetime of the Kg meson, the candidates are selected by
requiring a significant displacement of the decay vertex with respect to any PV.

The K(S)—meson candidates are required to be compatible with originating directly from
their associated PV. Using this geometric constraint, the 777~ invariant mass can be inferred
from a kinematic fit and used subsequently to separate signal and background. An additional
constraint to the known KJ mass [44] allows for a more accurate determination of the
momentum of the probe pion, used to parametrise Ayec(m).

Candidates with an invariant mass in the range 400-600 MeV/c?, and for which the
momentum of the probe pion is at least 7GeV/c are retained. Background from A — pr~
decays, where the proton is mistakenly assumed to be a pion, is rejected by removing
candidates with a mass in the vicinity of the known A baryon mass when the proton
hypothesis is assumed, retaining only those with m(pm~) > 1180 MeV/c2.

In total, 5 x 105 and 9 x 10° Kg mesons are selected in the 2022 and 2023 dataset,
respectively. The invariant-mass distribution for the 2023 dataset is presented in figure 2.
Additional material is presented in appendix B.

5.3 Selection of untagged neutral charmed mesons

At the HLT1 stage, candidates are required to have either a track displaced from all PVs
with high pr, or a displaced two-track vertex, similar to the selection applied for the charged
mesons. At the HLT2 stage, DY — K~ 7+ candidates are formed by combining two oppositely
charged tracks, each with pp > 800 MeV/c and p > 5GeV/c¢, that do not point to any PV
and originate from a common vertex. One of the tracks is required to be consistent with
the kaon hypothesis, while the other is identified as a pion, using the RICH information.
The K~ 7t combination is retained if it has a pr of at least 2GeV/e, and its vertex is
significantly displaced from any PV.

In the offline selection, DY candidates originating from interactions with the detector
material are removed by requiring the distance transverse to the beam line to be smaller
than 13 mm. Similar to the selection of the charged modes, the D° candidates are required
to be compatible with originating directly from the associated PV through a requirement
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2023 data. A fit to the data points is also shown. Candidates of the charge-conjugated decay are not
included in this figure.

on x2(IP). Residual b-hadron contributions are expected and estimated using candidates
failing the x?(IP) requirement in addition (c.f. section 7).

Approximately 1.1 x 10% and 8.7 x 105 DY — K—7t decays are selected from the 2022
and 2023 samples, respectively. Figure 3 presents the m (K~ 7*) distribution for the selected
candidates in the 2023 data, providing an indication of the sample’s purity. Additional
material is presented in appendix B.

5.4 Selection of the D*t calibration channels

At the HLT1 stage, the selection of tagged D° candidates, used to calibrate the instrumental
asymmetries for the DY production asymmetry, is identical to that of untagged candidates.
At the HLT?2 stage, tagged candidates are selected by first forming D° — K7t and
DY — K~ K7 candidates. These are created by combining two tracks that originate from
a common vertex, with identical kinematic criteria as those in the untagged D° — K~
selection. Only the D’ — K~7F candidates with 1.80 < m(K~n") < 1.92GeV/c? are
retained, with a similar requirement for the D — K~ K7 candidates. The mutually exclusive
distinction between the D° — K~7 and DY — K~ K7 decays is achieved by requiring
the kaons or pions to be identified as such by the RICH detectors. These D candidates
are then combined with another track, with pr > 200MeV/c and p > 1GeV/e, to form
D*t — D% candidates.

To ensure that these calibration samples are representative of the signal, the offline
selection requirements on the D° candidate are identical to those of the D — K ~nT signal
decays. The deflection by the magnetic field can drastically impact the trajectory of the pion
originating directly from the D*T decay, which typically carries little momentum. This leads
to a large variation of its reconstruction efficiency depending on its charge and direction,
and, subsequently, to large instrumental asymmetries in specific kinematic regions of the
pion. These regions are therefore removed from the data sample through the requirement
|| < 0.32 X (p, — 1900), where p, and p, are the projections of the pion momentum onto
the LHCb coordinate system expressed in MeV/c. To increase the purity of the sample, only
events with a single signal candidate are considered.
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Figure 4. Distributions of Am for positively charged D** — D%r* candidates, used as control
modes for the measurement of the D° production asymmetry, with (left) D° — K7t and (right)
DY — K~ K% decays. Data collected in 2023 are shown, along with a fit to the data.

For the 2022 and 2023 data samples, 7.2 x 10° and 1.6 x 10 D** — DO(— K—xt)r ™t
are selected, respectively, along with 7.9 x 10* and 1.6 x 10°> D** — D%(— KT K~ )rt decays.
Figure 4 presents the distributions of the difference between the invariant masses of the
D** and D° mesons, Am, for the selected candidates of both decay modes in the 2023 data.
Additional material is presented in appendix B.

6 Determination of production asymmetries

6.1 Charged charmed mesons

After partitioning the data in the kinematic regions of eq. (1.2), the raw asymmetries of the
D and DT mesons are determined through simultaneous unbinned maximum-likelihood
fits to the K™K+ and K~ K7~ invariant-mass distributions. In these fits, the signal
components are described using the sum of two Gaussian functions, one of which has a
power-law tail to describe the final-state radiation [45]. While the analytical form is the
same, most of the shape parameters are allowed to be different between the positively and
negatively charged candidates, to account for possible differences in momentum estimates for
positively and negatively charged signal candidates. To stabilise the fitting procedure, the
width ratio of the two Gaussian functions is shared between the positively and negatively
charged signal candidates. Apart from the power-law exponent, which is fixed from a fit to
all data combined, all parameters are free to vary in the fits. To describe the background,
a first-order polynomial for each of the two charges is used.

The fitted signal yields per charge are expressed in terms of the raw asymmetry and the
total yield, such that the raw asymmetry and its uncertainty can be determined directly as a
parameter in the fit. With the same fit parametrisation, per-candidate weights calculated
using the sPlot [46] technique are assigned to statistically subtract the background from the
kinematic distributions used in subsequent steps of the analysis. In a few kinematic regions,
mostly at high values of 7, the charmed-meson yields are too low to properly study the raw
asymmetry and its corrections. For these regions, no measurements are reported.

Based on eq. (4.2), the nuisance asymmetries Ayec(7) and Apip(7™) are determined to
obtain the production asymmetry. Since Aec(m1) is expected to depend on the kinematics

,10,
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2.0 <n < 3.0and 2.5 < pr < 4.7GeV/c. The distributions after applying the weights are shown as
well. Only data collected in 2023 are shown.

of the pion, a procedure is used to equalise the kinematic distribution of the probe pion in
the control sample to that of the pion in signal decays, which assigns weights to the K(S)
candidates. Before determining these weights, the 777~ invariant-mass distribution of the
control channel, containing Kg — mtr~ candidates, is fitted and background-subtracted
kinematic distributions are obtained with the sPlot method. Then, the weights are determined
in two steps.

1. The binned, two-dimensional, background-subtracted (normalised) distribution of the
pr and 7 of the signal pion is divided by the corresponding distribution of the probe
pion. The resulting factors are used as per-candidate weights for each of the probe pions.

2. Using the previously obtained weights for the probe pion, the same procedure is repeated
with the two-dimensional distribution in 7 and the azimuthal angle, ¢.

This weighting strategy, which is repeated for each of the kinematic regions of the charmed
meson, is chosen as it provides good stability in the kinematic regions with few signal
candidates. An example of the agreement between the calibration and signal sample after
the complete weighting procedure is presented in figure 5.

After assigning the per-candidate weights, the control sample is divided into a matched
sample, containing Kg — mr7~ decays for which an extension of the probe VELO track
to the rest of the tracking system is found, and an unmatched sample, which contains the
remaining candidates. The efficiency is defined as the ratio of matched candidates to the total
number of both matched and unmatched candidates. The sample is also divided based on the
charge of the probe pion, providing four categories in total. A binned maximum-likelihood fit
is then performed on the weighted 7™ 7~ invariant-mass distributions in each of these four
categories to estimate the pion reconstruction efficiency and its charge asymmetry, Ayec(m).
Both are included as parameters in the fit, following eq. (4.3). In this fit, the signal is
described using a sum of two Gaussian functions, one of which features power-law tails on
both sides of the peak. The background is described by an exponential function. No relation
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is assumed between the background shapes or yields between the different categories. The
magnitudes of the resulting pion reconstruction asymmetry range from 0.04% to 2.81%, with
the largest Ayec(m") value observed for the highest n(DE;)) region.

The additional nuisance asymmetry due to the PID requirements on the pion, Apip (™),
is determined using D** — D%(— K~n*)7r" decays, following a similar approach to that used
for Apec(n™). The D*T data are first assigned per-candidate weights to match the kinematic
distributions of the D(t)—decay pion with the same weighting procedure as used for Ayec(m"),
and are subsequently split by charge. These data are further split into two categories, one with
pions passing the PID requirements, and one with those that do not. The PID asymmetries
are determined through unbinned maximum-likelihood fits to the weighted Am distributions
including these asymmetries as free parameters. The resulting Apip(7™) magnitudes range
from 0.02% to 1.44%, with the largest value observed for the highest n(Dz;)) region.

6.2 Neutral charmed mesons

Differently from the charged modes, the size of the calibration samples, in particular that
of D't — D% — K~ K*)rT decays, limits the statistical precision on the measurement of
Aprod(DP). In this case, instead of matching the kinematic distributions of the calibration data
samples to those of the signal decays, the kinematic weighting procedure, needed to cancel the
nuisance asymmetries, assigns weights to the tagged and untagged D° — K~ 7t candidates.
These weights are determined by dividing the background-subtracted, three-dimensional
(pr, 7, ¢) distribution of the D° meson in D** — D%(— K~ K7T)r" decays, by that observed
for the tagged and untagged D° — K~ 7T decays. Too sparsely populated regions in D°
kinematics are removed in all samples to further stabilise the weighting procedure. While the
weights only consider the DY meson kinematics, the resulting kinematic distributions of the
kaon and the pion agree well between the tagged and untagged D° — K~ 7T decays, as well
as the distributions of the D** and the pion accompanying the D° meson between the two
tagged decays. Examples of this agreement are presented in figure 6.

After the weighting procedure, the raw asymmetries of the signal and calibration channels
are determined in each kinematic region of the charmed meson through binned least-squares
fits. The fits are carried out simultaneously to the meson and antimeson candidates, with
the raw asymmetry included as a parameter. The fits to the signal channel are done on the
m(K~7) distributions, while those to the D** decays are done on the Am distributions. In
all of the fits, the signal is described using a Johnson Sy function [47], with shape parameters
shared between the meson and antimeson candidates, except for the peak positions, which
are free to vary independently. To describe the background in the m(K ~n™") distribution,
an exponential function with free scale parameter is used. The background in the Am
distributions is modelled using the empirical RooDstDOBG function from the ROOFIT software
package [48, 49]. The parameters describing the background in the Am distributions are
shared between the D** and D*~ candidates.

Using the measured raw asymmetries, Aqe;(K~7") is calculated as described in eq. (4.4).
This value is then subtracted from the raw asymmetry of the signal channel to determine
Aprod(DO). To account for the correlation between the tagged and untagged samples, statistical
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Figure 6. Normalised background-subtracted (top) pr and (bottom) n distributions of the kaon
from D° — K~z decays and D*t — D°(— K~ 7t)rt decays for D° mesons with 2.0 < n < 3.0
and 2.5 < pr < 4.7 GeV/c. The distributions are shown (left) before and (right) after applying the
kinematic weights. Only data collected in 2023 are shown.

uncertainties are estimated using a bootstrapping technique [50]. The full analysis procedure
is repeated for each bootstrap sample.

The resulting magnitude for the raw asymmetries range from 0.01% to 3.9% across
all bins and data samples, with the largest value observed for the highest n(D) region.
This range serves as an indication for the typical size of the required corrections due to
nuisance asymmetries.

7 Secondary charm production

Contributions from charmed mesons produced in b-hadron decays are removed by correcting
the measured raw asymmetry by the term in eq. (4.2),

AAsec = fsec [Aprod(Xc) - Asec(Xc)] . (71)

This correction is evaluated for each kinematic region and data sample by considering the dis-
tributions of the observable In (x?(IP)) of the meson and antimeson candidates which provide
information on both the fraction fs. and the asymmetry difference Aproq(Xe) — Asec(Xe).
For these studies the x2(IP) requirement on the charmed-meson candidate is removed, allow-
ing for an unbiased consideration of the secondary contributions. Simultaneous unbinned
maximume-likelihood fits are performed to the background-subtracted distributions of the
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Figure 7. Background-subtracted distributions of In(x?(IP)) for the (top) DI, (middle) Dt and
(bottom) D° mesons in (left) 2022 and (right) 2023 data. All plots refer to the kinematic region
2.0 <n < 3.0and 6.5 < pr < 8.5 GeV/c of the charmed-meson candidates. The dashed line marks
the maximal In(x?(IP)) allowed by the offline selection.

meson and antimeson signal candidates to determine the corrections. In these fits, promptly
produced charmed-meson candidates are modelled using a Bukin function [51], while the
secondary component is described using a Gaussian function that has different widths on the
left and right sides of the peak. The peak position of these functions, which depends on the
detector resolution, is left free to vary in the fits to data, while the remaining parameters
are fixed to values obtained from simulated prompt and secondary decays. Examples of
these fits are shown in figure 7. The yields of prompt and secondary charmed mesons, split
per charge, are included as free parameters in the fit, from which the asymmetry difference,
Aprod(Xc) — Asec(Xe), and feee are inferred.
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The IP resolution for data recorded in 2023 is particularly impacted by the open VELO
configuration, leading to a higher contamination from b-hadron decays with respect to 2022
data. The largest contributions are found for D} mesons, in line with the expectations from
b-hadron-decay branching fractions and b-hadron production cross-sections [44, 52-54]. On
average, the fractions of secondary decays are 5.4%, 1.6% and 4.1% for D, D* and D°
mesons, respectively. It is verified that the secondary fraction is stable as a function of the
time within a fill in 2022, and thus not affected by the movement of the VELO detector.

The values for Aprod(Xe) — Asec(Xc) are independent of the detector configuration and
are determined primarily using data recorded in 2022, after verifying that there is no difference
between the datasets. The resulting values of Aproq(Xe) — Asec(Xe) from the different datasets
are combined for the D} mesons to increase their statistical precision. As the observed
secondary contribution of DT mesons is too small to make a reliable estimate of the related b-
hadron production asymmetry, Appod(DT) — Agec(DT) is instead conservatively estimated as
(0 £ 5)%. This bound on the systematic uncertainty covers the measured relevant production
asymmetries at /s = 7 and 8 TeV [12, 55], and the expectation at 13.6 TeV.

The corrections A Age. are mostly found to be compatible with zero within three standard
deviations when considering statistical uncertainties only. Their values remain below one-third

of the corresponding statistical uncertainty of A,;oq.

8 Cross-checks and systematic uncertainties

8.1 Cross-checks

Cross-checks are carried out for further scrutiny of the results and deeper understanding of
the upgraded LHCb detector. None of these cross-checks signalled any shortcomings in the
methodology, showing compatibility with p-values of at least 5%.

The consistency of the production asymmetries across kinematic regions in the 2022
magnet down, 2022 magnet up and 2023 datasets is considered, as these represent different
detector conditions. The global p-values are found to be 88.4%, 27.9%, 57.9% for the D°, D
and DT production asymmetries, respectively. The integrated production asymmetries are
shown in figure 8 for the three samples and the three decay modes. In addition, the analysis
is repeated in even finer intervals of these data-taking periods to evaluate the consistency
per dataset. The consistency of the DI production asymmetry in the 2022 magnet down
dataset has the weakest compatibility, corresponding to a p-value of 5.9%.

Where possible, the asymmetries in different kinematic regions for the final-state particles
are studied. In addition, measurements of the D? production asymmetry are performed with
stricter requirements on the pointing of the charmed mesons to the associated PVs. In all of
these studies no deviations are found with respect to the baseline analysis approach.

The Kg mesons, used in the calibration of Ay.(7"), have a longer lifetime than the
charmed mesons. Nevertheless, it is confirmed that the typical positions of the pions produced
in the K[S] — 77~ decays in the tracking system agree with those produced in the charm
decays. In addition, Ayec(n") is determined in different intervals of the K decay-vertex
longitudinal position, with all values found to be in agreement.
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Figure 8. Comparison between the production asymmetries measured separately from the 2023, 2022
magnet down and 2022 magnet up data samples. The comparison is shown for the (left) D° meson,
(middle) DT meson and (right) D} meson. The average value and its uncertainty are indicated by
the red line and the red band, respectively.

The D production asymmetry is determined using only events with a single candidate.
Including events with more candidates changes the integrated production asymmetry by less
than one standard deviation of the statistical uncertainty.

For the data recorded in 2022, it is studied whether the production asymmetries are
sensitive to the variation of the position of the VELO across one fill. This is achieved by
evaluating the variation of the production asymmetry as a function of the time after closure
of the VELO. The results, included in appendix C, show no variation in the data that are
used. To further test the stability, the baseline result is compared to a result obtained from a
dataset with additional selections. First, the data-taking periods with the largest variation
in the VELO position, which also have a misalignment larger than 10 pm in the z-direction
and corresponding to about the first 50 minutes of a fill, are removed (about 7% of the 2022
data). Second, about 6% (3%) of D° (D(J;)) candidates close to the upper acceptance of the
VELO, where the VELO movement might influence the selection efficiency the most, are
rejected by requiring that all final-state particles have n < 4.3. No significant deviations are
observed, with the lowest p-value being 12.1% for the DY production asymmetry measurement
in the magnet-down sample.

8.2 Systematic uncertainties

Systematic uncertainties are evaluated per kinematic bin, and per charmed meson. The
considered contributions are explained in the following, in order of importance. Table 1
presents a summary of these contributions and their size.

The systematic uncertainties due to the models used in the determination of the secondary
component are evaluated by studying the impact of additional degrees of freedom in these fits.
In particular, all the shape parameters fixed from simulation for the prompt and secondary
components are left free to vary, one component at a time, and the resulting corrections are
compared to the baseline values. The largest difference observed with respect to the baseline
result is used as an estimate of the systematic uncertainty. In addition to the fit shapes used
to estimate the secondary contribution, differences between the instrumental asymmetries
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Systematic uncertainty [1072]

Source DY D~ Dy
Secondary contribution 0.02-0.35 0.16-0.41 0.03-0.43
Fit models A;aw 0.01-0.05 0.08-0.73 0.05-0.39
Residual Aget 0.04-0.40 <0.11 <0.19
Fit model Apec(m) — <0.08 <0.15
Asymmetries in the K~ K™ pair — <0.12 <0.09
Curvature bias <0.39 <0.25 <0.25
Flavour misidentification 0.01 — —
Acp 0.06 0.05 —
Total systematic uncertainty 0.08-0.56 0.25-0.85 0.11-0.53
Statistical uncertainty 0.68-4.59 0.79-1.81 0.72-2.59

Table 1. Absolute systematic uncertainties on the charm production asymmetries, in units of 1072.
The values indicate the span across the different kinematic bins. In case of an empty cell (-), the
systematic uncertainty is not applicable. The statistical uncertainties are presented in table 2.

in the promptly produced charmed mesons, and those produced from secondary decays,
could also impact this correction. These imperfections are accounted for by multiplying
the difference between their kinematic distributions with the observed raw asymmetry in
bins of the final-state particles’ kinematics, and then summing over all bins. The resulting
values are only significant for the D° meson, for which these are added to the systematic
uncertainty related to the secondary contribution.

The impact of the choice of fit function on the inferred raw asymmetries of the control
and signal channels is studied through a set of pseudoexperiments. For each kinematic region,
datasets are generated with the same relative fraction and yields of signal and background as
observed in data. To produce and fit the pseudodata, an alternative and the baseline models
are used to perform either of the two steps. The alternative model consists of a different
function to describe the signal shape, either the sum of three Gaussian functions, of which one
includes a low-mass power-law tail, or the same baseline function but with fewer constrained
shape parameters. The average difference between the production asymmetries measured from
the pseudodata samples, and the generated asymmetry, is used as a systematic uncertainty.
When both generating and fitting with the baseline model no significant difference is observed.
For the charged mesons, the result of the fit is compared to the asymmetry obtained by
counting the number of decays of each charge, where the background is subtracted using
information from the sidebands and assuming a linear shape. The maximum of this difference
and the uncertainty obtained by pseudoexperiments is used as a systematic uncertainty.

The systematic uncertainty related to the kinematic-weighting procedure is addressed by
estimating the impact of remaining differences in the kinematic distributions between the signal
and control modes. This is achieved by considering fine-grained one-dimensional projections of
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the kinematic distributions onto the component with which A,y shows the largest variation.
These differences are multiplied by the values of Ager from the control samples, and summed
to evaluate the systematic uncertainty. For Apoq (Dz;)), the impact of residual correlations
among the three components of the momentum are studied by including additional steps in
the weighting procedure, using the data sample with the largest variation of Aec(7™). The
differences with respect to the baseline strategy are used as systematic uncertainties.

Transitions other than those via the ¢ meson are expected to be present in the selected
D(t) — K~ KTrt decays, which could introduce a difference between the K~ and KT
meson kinematics. The additional instrumental asymmetry arising from a difference in the
momentum distributions of these kaons is estimated by comparing their distributions and
using the raw asymmetry of the D° — K~7nt decay as a proxy for the kaon detection
asymmetry. The resulting systematic uncertainty is determined to be of the order of 1073
and is slightly larger for the D' meson than for the DI meson.

The systematic uncertainty associated to the curvature-bias corrections, applied to 2023
data, is estimated by evaluating the raw asymmetries with and without the corrections. The
observed difference is assigned as the systematic uncertainty.

It is assumed that the flavour of the D® meson at production can be inferred directly from
the K~ 7t final state. This neglects effects from the doubly Cabibbo-suppressed D° — K~7+
decays, as well as DY~D° mixing. Using previous experimental results [43], the impact of the
misidentification rate on the production asymmetries is estimated to be below 10, which
is assigned as the corresponding systematic uncertainty.

Finally, the uncertainty due to the experimental knowledge on Acp [11, 42] is included
as part of the systematic uncertainties.

9 Results

Table 2 presents the production asymmetries in intervals of meson pr and 7 for the DY, Dt
and D7 mesons. A graphical representation of the results is given in figure 9.

While the datasets used to calibrate the instrumental asymmetries are shared between
the two charged charmed mesons and kinematic bins, the total uncertainty is found to be
dominated by that of the (uncorrelated) raw asymmetries. Consequently, there is only a
negligible correlation between the various presented results, at the subpercent level.

Most of the values are compatible with symmetric production of mesons and antimesons
with no dependence on their kinematics within one standard deviation. The corresponding
global p-values for their compatibility with the absence of any production asymmetry are
45.3% for the D° meson, 77.6% for the D™ meson, and 21.7% for the D meson.

To illustrate typical production asymmetries relevant for charmed-meson decays at
the LHCb experiment, the asymmetries observed across the kinematic intervals are aver-
aged, accounting for the observed pr and n distributions (figure 10), not corrected for the
instrumental efficiency. The results are:

Aproa(D%) = (0.07 £ 0.26 (stat) £ 0.10 (syst)) %,
Aproa(DT) = (—0.33 £ 0.29 (stat) + 0.14 (syst)) %,
Aproa(DF) = (0.18 £ 0.26 (stat) £ 0.08 (syst))%.
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Aprod(DO) [107

]

U]
pr [GeV/c] 2.0-3.0 3.0-3.5 3.5-4.0 4.0-4.5
2.5-4.7 1.92 +1.344+0.36  0.65+ 0.69+044 —091 +0.96+0.16 —3.23 +2.13+0.14
4.7-6.5 —0.81 £0.82+0.40 025+ 0.68+0.08 —1.37 + 1.28+0.33 -
6.5-8.5 1.15+ 0.80+£0.19  0.63 +£ 0.82+0.09 —2.84 + 2.51 +0.49 -
8.5-25.0 —0.17 £ 0.62+0.16 —0.14 £ 0.96 £0.32  3.27 + 4.59 + 0.56 -

Aproa(DT) [1077]

7

pr [GeV/c] 2.0-3.0 3.0-3.5 3.5-4.0 4.0-4.5
2.5-4.7 —1.13+1.05+046 —0.19+ 0.86+0.42 —0.33 +£0.984+0.26 —2.14 + 1.78 +£0.37
4.7-6.5 —0.78 £ 0.79 £ 0.25 —0.47 + 0.82+0.48 —1.25 + 1.14 4+ 0.47 —
6.5-8.5 0.38 + 0.87+0.45 —0.84 + 1.004+0.40 —0.10 £+ 1.81 +0.85 —
8.5-25.0 0.56 & 0.86 +0.45  0.91 + 1.24 4+ 0.34 — -

Aproa(DF) [1077]

n

pr [GeV/c] 2.0-3.0 3.0-3.5 3.5-4.0 4.0-4.5
2.5-4.7 119+ 1.17+0.35 0.65 +0.84+0.45 —1.34 +0.83+0.18 0.86 + 1.41 +0.27
4.7-6.5 —0.54 +083+023 164 +076+0.21 1.00+0.88+0.13  0.70 + 1.91 +0.43
6.5-8.5 0.20 + 0.85+0.38 —0.56 + 0.87+0.15 —0.37 + 1.27+0.21 —
8.5-25.0 072 +0.72+0.11 —1.81 +0.97+0.18  0.71 + 2.59 + 0.53 -

Table 2. Results for the D°, D* and D} production asymmetries in units of 1072, after averaging
over the datasets. The first quoted uncertainty is statistical, the second is systematic.

Previous measurements of the D [12] and D [13] production asymmetries at the LHC
showed no significant dependence on either pt or 1. This allows a comparison of the averaged
production asymmetries. The averaged results obtained at 13.6 TeV are compatible with
those at lower centre-of-mass energies, with a combined p-value of 8.5%.

Figure 10 shows the fine-grained kinematic distributions of the charmed mesons that can
be used to interpret the presented measurements. The projections of the measurements onto
the pt or n axes, shown in figure 11, are compared to the predictions from the event generator
PyTHIAS8 [56], based on a colour-string model, and the event generator Herwig 7 [3], based on
a cluster model. For PyYTHIA 8, version 8.310 is used with three different tunings: the Monash
tune [57], which is the standard, the “QCD-inspired” beam-remnant and colour-reconnection
model (CR2) [58, 59], and a recent variant of the QCD-inspired model, where the beam-
remnant parameters are tuned to the available LHCf data (Forward) [15]. The details of the
parameters are presented in appendix A. For Herwig 7, version 7.3.0 is used, which implements
the recent developments for the decays of excited mesons and baryons [60, 61] and the colour-
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Figure 9. Production asymmetries for the indicated charmed mesons after averaging over the
datasets. The blue error bars represent the statistical uncertainty, and the red ones represent the

total uncertainty.
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Figure 10. Observed (pr,7n) distributions for the indicated charmed mesons, not corrected for the
instrumental efficiency, after combining all datasets. The dashed red lines indicate the kinematic bins.

reconnection model. The events are generated using a minimum-bias configuration, and those
with a charmed meson are retained. For all generators, only the charmed hadrons that are not
produced in b-hadron decays are considered. A per-candidate weighting is used to match the
kinematic distributions of the charmed mesons in data, which are presented in figure 10. This
step is required to account for the detector acceptance, reconstruction and selection efficiency.

Table 3 presents the compatibility y? values between the production asymmetries obtained
from the event generators and the data. The predictions follow similar trends between the
different charmed mesons. Similar to what was recently seen for b-baryon data [14], the
charmed-meson data favours the QCD-inspired colour-reconnection model from PYTHIA8
over the Monash tune. The forward-physics tuning, however, does not lead to a better
description of the data at high pr. The results from Herwig 7 show a similar trend as
those from PYTHIAS, but are shifted to lower values, and are consistently disfavoured at low
pr. At higher values of pr, the level of agreement between the data and these predictions
improves. All considered event generators predict a positive production asymmetry at high
pr for the DI meson, including Herwig 7, which is not observed by this analysis and other
measurements at LHCDb [13]. A dedicated tuning of the hadronisation parameters, and a
further study of their relation to charm-anticharm quark production are well motivated by
these measurements at high pr.
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Figure 11. Comparisons between the production asymmetries predicted with different event generators

and the data.

10 Conclusion

Doubly differential measurements of D, DT and D} production asymmetries in proton-

proton collisions at /s = 13.6 TeV are presented. Within the statistical precision, the

measurements are consistent with the absence of production asymmetries, and with previous

measurements at /s = 7 or 8 TeV. The achieved precision on the measurements of Apoq(D7)
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Generator pT(DO) W(DO) pT(D+) 77(D+) pT(D;r) U(D:)

Herwig 7 29.3 25.1 7.8 3.2 27.5 6.0
PyTHIA8 (Monash)  10.5 5.3 7.1 6.3 7.8 1.8
PyTHIA8 (CR2) 7.3 3.1 3.2 2.2 7.4 2.0
PyTHIAS (Forward) 10.6 3.2 3.5 2.6 13.5 2.9

Table 3. Compatibility x? between the different event generators and the data for the various
projections. In each of these, the number of degrees of freedom is four.

and Appoq(D™) with the early Run 3 dataset of LHCD, corresponding to integrated luminosities
of 56 pb™ !, is comparable to that obtained using the 2011 dataset, corresponding to 1fb~! of
integrated luminosity, highlighting the much improved efficiency of the LHCb detector in
Run 3. Comparisons to predictions from different tunes of the Herwig 7 and PYTHIA 8 event
generators are also included. Their results are not always able to reproduce the observed
dependence on charmed-meson pp. The presented measurements are the first to use data of
the LHCb Run 3 detector. While the precision achieved using the data collected in 2022 and
2023 is statistically dominated, this work demonstrates the reliability of data-driven techniques
in challenging detector conditions and the potential for future asymmetry measurements with
the upgraded LHCb detector during Run 3 of the LHC. The presented results can already
serve as valuable input for further studies of CP violation in the charm sector.
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A PYTHIA 8 parameters

Table 4 presents all parameter values used in the different PYTHIA8 configurations.

PYTHIA8 parameter Monash [57] CR2 [58, 59] Pf;:;/:rﬁs}
SoftQCD:nonDiffractive on on on
PhaseSpace:pTHatMin [GeV] 0.4 0.4 0.4
Beams:eCM [TeV] 13.6 13.6 13.6
Beams:AllowMomentumSpread on on on
BeamRemnants:remnantMode - 1 1

BeamRemnants:dampPopcorn - -

BeamRemnants:hardRemnantBaryon - - on
BeamRemnants:aRemnantBaryon - - 0.36
BeamRemnants:bRemnantBaryon - - 1.69
BeamRemnants:primordialKTsoft - - 0.58
BeamRemnants:primordialKThard - - 1.8
BeamRemnants:halfScaleForKT - - 10
BeamRemnants:halfMassForKT - - 1
BeamRemnants:primordialKTremnant - - 0.58
MultiPartonInteractions:pTORef - 2.15 2.15
ColourReconnection:mode 0 1 1
ColourReconnection:allowDoubleJunRem - off off
ColourReconnection:allowJunctions - on on
ColourReconnection: junctionCorrection - 1.2 1.2
ColourReconnection:m0 - 0.3 0.3
StringZ:alund - 0.36 0.36
StringZ:bLund - 0.56 0.56
StringFlav:probQQtoQ - 0.078 0.078
StringFlav:probStoUD - 0.2 0.2
StringFlav:probQQ1toQQ0join - 0.0275 0.0275

Table 4. Parameters for the PYTHIA8 event generator for the various tunes considered. When the
parameter is not specified, or a dash is written, the default value is used.
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B Invariant-mass distributions per dataset

Figure 12 presents the invariant-mass distributions of the KK ~n" combination for the D}
and DT candidates, per dataset. Figure 13 presents the invariant-mass distributions of 77~
pairs for the Kg candidates, used to estimate Aec(7"), for different datasets.

The m(K ~nt) distributions for the D® — K~7T candidates are presented in figure 14
for different datasets. Similarly, figure 15 presents the Am distributions of the D** decays,
used as control modes to measure the D°-meson production asymmetry, for different datasets.
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Figure 12. Invariant-mass distributions of K* K~ 7% combinations, m(K+TK~7"), for positively
charged (left) DT and (right) D candidates for (top) 2022 magnet up, (centre) 2022 magnet down,
and (bottom) 2023 data.
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C Production asymmetries in different subsamples of the datasets

Figures 16, 17 and 18 show the comparison between the production asymmetries measured
in different subsamples (RUNNUMBER blocks) of the three datasets used in the analysis.
On each plot the integrated results obtained through the baseline strategy are also shown
for reference. The compatibility 2 shown on the plots refer to the different measurements
performed in the RUNNUMBER blocks. The results from different subsamples are compatible
with each other within two standard deviations. Figure 19 presents these measurements
in blocks for 2022 data as a function of the time after closure of the VELO, across an
entire fill of the LHC.
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Figure 16. Comparison of the D° production asymmetry in different subsamples (Run blocks) of the
different datasets. The check for 2022 (left) magnet up and (right) magnet down are shown in the
top row, while the check for 2023 data is presented in the bottom row. The plots show the average
computed among the subsample’s measurements together with compatibility x2, degrees of freedom
and p-values and also the integrated results obtained in each subsample with the baseline strategy.
The coloured bands represent the uncertainties of the integrated results and the averages.
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