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1. Introduction

The charm physics sector offers unique probes on the Standard Model, complementary to those
provided by the down-like quark sectors. The LHCb experiment greatly contributed to this sector,
particularly with the first observation of CP asymmetry in the charm sector in 2019 [1], and with
the measurement of many properties of charm hadrons.

During the Long Shutdown 2 (LS2) of LHC, the experiment completed a substantial upgrade
of several sub-detectors to factor in the higher instantaneous luminosity of LHC, the LHCb Upgrade
I [2], including a complete new tracking system and a novel approach with a full software trigger.
In this contribution, recent results in the charm physics sector from the LHCb collaboration are
presented. These results have been produced thanks to the data collected during the Run 3 data
taking campaign at a centre-of-mass energy of /s = 13.6 TeV.

2. Measurement of charmed meson and antimeson production asymmetries at
\s = 13.6 TeV

The production of a pair of charm-anticharm quarks in the proton-proton collision is symmetric
in flavour at leading order. However, this symmetry is broken during the hadronisation process due
to the presence of the valence quarks of the protons. This production asymmetry is defined as

AP — O-(Xc) - O—(Yc) (1)
o(Xe) +0(Xe)
where o (X_.) is the inclusive production cross section for a generic meson X, while o-(X,.) is the
inclusive production cross section of its antimeson. The production asymmetries of the the D* and
the D} mesons have been measured at LHCb with Run 1 data as [4, 5]

Ap(D*) =(—0.96 = 0.26 + 0.18)%, )
Ap(D?) =(=0.52 +0.13 +0.10), % 3)

where, for both cases, the first uncertainty is statistical and the second is systematic. These kinds
of measurements are of particular relevance both as an input for precise measurements of other
asymmetries at LHCb, but also as a benchmark to validate possible theoretical models of the
hadronisation process, providing a valuable input for the Monte Carlo generators.

The analysis reported in Ref. [3] focuses on the measurement of the production asymmetry of
the D°, the D* and the D} mesons, with the first data collected at LHCb during Run 3, in 2022
and 2023, at a centre-of-mass energy of v/s = 13.6 TeV. The measurement is performed in bins

of transverse momentum p7 and pseudorapidity n. To measure the production asymmetry of the
+

(s)
and D**(2010) — D°z* decays, where the D° decays as D — K~ x*, referred to as tagged D°

decays, are employed to cancel out nuisance asymmetries. From the data, it is possible to measure

charged mesons, the D* | — ¢(— K"K~ )n* decays are studied as signal candidates. Kg - atn”
the raw asymmetry A, ., defined as

N(Xc_)f)_N(Yc_’7)
N(Xe = )+ NXe — )

Araw (Xc - f) = 4
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where N is the number of decays of the meson X..(X.) decaying to the final state f( f) observed in
the dataset. The raw asymmetry can be expanded as

Araw(Xe — f) =(1- fveC)AP(Xc) + AD(f) +Acp(Xe — f) + fvecAsec(Xc) )

where fs.. is the fraction of b-produced mesons in the sample which have an asymmetry Ag,c,
Acp is the CP asymmetry in the X, decay (if it is not Cabibbo favoured) and Ap is the detection
asymmetry of the final state defined as

e(f) - e(f)
e(f) +e(f)

where ¢ is the detection efficiency of the final state f. As the kaon pair of the final state of the signal

Ap(f) = (6)

channels is produced from the ¢ resonance, the Ap is assumed negligible. The only contribution
thus comes from the pion which has two components that arises from the reconstruction A
and from the Particle IDentification (PID) Ap;p. The contribution from the reconstruction is
determined with a tag-and-probe method with Kg — n*n~ decays while the PID component is
determined with D® — K~ n* decays. These last two samples of data are weighted to ensure that
the kinematics of the pion in these decays is the same as the one in the signal channel to properly
assess the Ap contribution. Finally, for the D* measurement, the value of Acp is taken as input
from the Run 2 measurement [6]. To measure the production of the D° meson, signal candidates
from D — K~ 7" untagged decays are studied. Similarly to before, the production is extracted
from Eq. 5 where Ap (Kn) is estimated with tagged D° — K~ n* decays and tagged D° — K~ K*
decays as

Ap(K7) =Araw (D™ — D°(— K %) 1*) = Apaw (D™ — D°(— K K*)n*)
+Acp(D° - K*K"), (7)

where Acp(D? — K*K7) is taken as an input from the Run 2 measurement [7]. To properly
cancel out the nuisance asymmetries, kinematic weights are applied to the D® — K*K~ decay due
to its smaller size with respect to the other channels. In each measurement the corresponding A,
and fic is estimated from a sample without requirements in )(; p- The data analysed correspond to
an integrated luminosity of 15 pb~! in 2022 and 162 pb~! in 2023 for the D® measurement and of
15 pb~! in 2022 and 41 pb~! in 2023 for the D* and the D} measurements. These data are first
selected with the trigger of LHCb and then further selected with a cut-based offline selection.
The integrated results are

Ap(D®) =(0.07 £0.26 + 0.10) %,
Ap(D*) =(=0.33 +0.29 + 0.14)%, (8)
Ap(D?) =(0.18 +0.26 + 0.08)%,

where the first uncertainties are statistical and the second are systematic. These results are com-
patible with symmetric production, which is also confirmed by looking at the corresponding global
p-values across the pr — 7 bins with the hypothesis of absence of production asymmetry, i.e. 45.3%
for the D® meson, 77.6% for the D* meson and 21.7% for the D} meson. Since also the previous
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measurements did not show any significant dependence, they can be compared with these results
and are found to be compatible with a combined p-value of 8.5%. The statistical uncertainties of
these last measurement are of the same order of the previous measurement, which were the result
of analyses on dataset corresponding to a much larger integrated luminosity i.e. of about 1 fb~".
This fact highlights the improved performance of LHCb after the Upgrade I. Lastly, these results are
also compared to various Monte Carlo generators, and tensions at high values of pr are observed.
These comparisons highlight the necessity of a dedicated tuning of the hadronisation parameters
along with a further study of their relation to the quark pair production.

3. Measurement of CP asymmetry in D° — K{K{ with the LHCb Upgrade I
detector

A complementary search for CP violation with respect to the AAcp observable is the search
for CP violation in the D° — KgKg channel [8]. This decay channel is analogous to the two-body
decays in which CP violation has been observed for the first time but has a smaller branching fraction
due to the fact that its tree diagram vanishes in the SU(3) limit. Several theoretical predictions
suggest that the CP asymmetry of this decay channel could be at the percent level. This motivates
the measurement of this asymmetry which, in the world average, is

Acp(K3KD) = (=1.19 £ 0.77 £ 0.17) %, 9)

where the first uncertainty is statistical and the second is systematic. During Run 3 of LHC,
particularly in 2024, an integrated luminosity of £ = 6.2 fb~! has been collected by LHCb and has
been analysed for this measurement. Together with the signal candidates from the D? — KgKg
channel, candidates from D° — Kg7r+7r‘ have also been collected as a control channel to cancel
nuisance asymmetries in the signal channel as these channels share the same final state. In both
cases, the candidates are selected from the LHCD trigger and then further filtered with an offline
selection. Their flavour of the D® mesons is inferred, by requiring that the mesons are produced
in the D** — D% decay. The candidates are then divided in two categories according to
the purity of the sample, which is obtained from a k-nearest-neighbour (kNN) classifier, and are
analysed separately to improve the sensitivity of the analysis. To remove spurious effects such as the
production and the detection asymmetries, weights computed from the calibration sample have been
applied to the signal sample. The asymmetry is then measured with a binned maximum-likelihood
fit to the joint distribution of the distribution of the difference in invariant mass of the D** and
the D and the two invariant masses of the Kg. These fits are shown in Fig. 1 for the high-purity
subsample. The resulting CP asymmetry is

Acp(K2KY) = (1.86 = 1.04 + 0.41)%, (10)

where the first uncertainty is statistical and the second is systematic, due to uncertainty in the fit
model, the limited calibration sample size and to the weighting procedure. This is the single most
precise measurement to date of this quantity and among the first to analyse the data collected by
LHCb in 2024. This result is then combined with previous LHCb, results giving

Acp(K§K9) = (~0.37 £0.78 + 0.29)%. (11)
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Figure 1: Invariant mass distribution and its fit on the difference between the invariant mass of the D** and
the DY for the high-purity subsample. On the right the D° candidates and on the left the D° candidates.

4. Measurement of AAcp from D° — h*h~ decays with 2024 data

The first observation of CP violation in charm decays has been measured with the singly-
Cabibbo-suppressed decays D° — K~K* and D° — n~n* decays. From these decays the
observable AAcp , defined as

AAcp = Acp(D® - K" K*) = Acp(D° — n7n"), (12)
is measured and was found to be different from zero at more than five sigma, as
AAcp = (154 +2.9) x 1074, (13)

where the uncertainty is the combination of the statistical and the systematic contributions. A new
analysis aims to measure AAcp with D® — K~K* and D° — n~n* decays with data collected at
LHCD in 2024. The data correspond to an integrated luminosity of £ = 6.2 fb~!, comparable with
the luminosity collected during Run 2. The flavour of the D° mesons is inferred by reconstructing
the decay D** — Dz*. The data are first collected by the trigger of LHCb and then further filtered
with an offline selection. The raw asymmetries, defined as in Eq. 4, can be expanded as in Eq. 5.
The difference in raw asymmetries in the two channels can then be expressed as

Araw(D? = K"K =Apaw(D? = 17 71%) = Acp(D® - K"K*)=Acp(D° — nn%) = AAcp,
(14)
where the spurious asymmetries cancel out between the two channels. Assuming that these asym-
metries depend only on the kinematics of the particle involved, this cancellation takes place only
if the kinematic distributions match between the two decay channels. This is ensured by applying
weights to the D — K~K* sample to match the D° — 7~ 7" sample. After applying these
kinematic weights, minimum chi squared fits to the invariant mass are employed to extract the raw
asymmetry and measure AAcp. Examples of the resulting fits are shown in Fig. 2. The resulting
value for AAcp is then
AAcp = (XX +£1.8+0.4)x 1074, (15)

where the first uncertainty is statistical, the second is an estimate of the systematic. The central
value is blind to avoid biasing the measurement, since the analysis is currently under internal review
by LHCb. Even if the estimate of the uncertainty on this measurement is preliminary, especially
the systematic one, it is much lower with respect to the previous results, even with only one year
of data-taking, highlighting the improved efficiency of the LHCb detector after completing its
Upgrade.
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Figure 2: Examples of invariant mass fits to the D® — K~K* sample on the left and to the D° — 7~ 7+
sample on the right.

5. Conclusions

In this contribution, recent results in charm physics from the LHCb experiment have been
presented. These measurements use data collected after the completion of Upgrade I and, thanks to
their high precision, clearly demonstrate the improved efficiency of the upgraded LHCb detector.
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