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Rare semileptonic four-body charm decays such as D® — h~h*e~e* (with h = 7, K) can proceed
via long-distance (LD) resonant contributions or short-distance (SD) Flavor Changing Neutral
Currents (FCNC) ¢ — ue™e™, which are highly suppressed in the Standard Model. These modes
are therefore sensitive to potential new physics effects and provide a probe of Lepton Flavour
Universality through a comparison with their muonic counterparts D® — h=h*u~u*.

The LHCb experiment has searched for the D — 7~ n*e~e* and D° — K~ K*e~e* decays
using Run 2 data, corresponding to an integrated luminosity of 6 fb~! collected at vs = 13
TeV. The decay D° — 7~ nte”e* was observed for the first time when the dielectron pair is
compatible with coming from p(770), w(782) or ¢(1020) intermediate resonances. The decay
D’ — K~ n*[ee*] o/w Was used as normalization channel. To account for the very different
background levels and invariant-mass shapes, the dataset was split into events with and without
reconstructed bremsstrahlung emission associated with the electrons.

The measured branching fractions are 8(D° — 7~ n* e et]p/w) = (4.5£1.0£0.7£0.6)x 1077
and B(D° — n n*[e"e*]y) = (3.8 +0.7 +0.4 = 0.5) x 1077, where the uncertainties are
statistical, systematic and related to the normalization Branching Fraction value.

With the enhanced LHCD trigger capabilities and large collected statistics in Run 3, updated
searches and branching-fraction measurements are underway. Preliminary studies on the normal-

ization channel indicate a significant increase in signal yields.
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1. Introduction and Run 2 results

Rare semileptonic charm decays such as D® — h~h*e~e* (with h = 7, K) receive contri-
butions from both long-distance (LD) processes, involving intermediate resonances decaying into
a dielectron pair, and short-distance (SD) interactions mediated by suppressed flavour-changing
neutral currents (FCNC) ¢ — ue*e™. In the Standard Model (SM), the branching fractions are
expected to be B(D? — n nte e*) ~ 107% and B(D? — K~ K*e~e*) ~ 1077 [1], with SD
contributions at the O(107°) level [2]. However, virtual contributions from physics beyond the
SM could significantly enhance these FCNC transitions. Furthermore, comparisons between the
branching fractions of D® — h~h*e~e* and their muonic counterparts D° — h~h*u~u* provide
a sensitive test of Lepton Flavour Universality.

The LHCb experiment performed its first search for D® — h~h*e~e* decays using Run 2
data (2015-2018), corresponding to an integrated luminosity of 6 fb~! [3]. The branching fractions
were determined relative to the Cabibbo-favoured decay D® — K~n*e~e*, which is dominated
by Standard Model amplitudes and is both topologically and kinematically similar to the signal
channels. This choice allows for a significant cancellation of systematic uncertainties and therefore
provides an optimal normalization mode.

The branching fractions of the rare decays are computed according to

B(D" — hh*e"e*)  N(D®— h htemet) e(D— K mt[eTe"] 0,)
B(D® — K~n*[e"e*] 50,,) - N(D° — K-n*[eme*]0,,) &(D%— h~h*eet)

» (D

where N denotes the number of observed signal candidates for each decay mode, and & represents
the total efficiency, including geometrical acceptance, trigger, reconstruction, and selection effects.
The branching fraction of the normalization channel is taken as an external input from measurements
by the BaBar collaboration [4].

To constrain possible violations of Lepton Flavour Universality and to disentangle resonant and
non-resonant contributions, the branching fractions are measured in bins of the dilepton invariant
mass, following the approach adopted in the first LHCb study of D® — h~h*u~u* decays [5].
The definition of the mass bins is reported in Table 1. Owing to the different signal shapes and

bin very low (only e*e™) low mass n plw ¢ high mass
m(e*e™) [MeV/c?] <211.32 211.32-525 525-565 565-950 950-1100 > 1100
DY - ntpete [V] v v v v v
DY —» K*K~-ete” (V] v v v

Table 1: Definition of the dilepton mass bins. The ¢ and the high mass bins are not kinematically available
for the D° — K~K*e~e* decay mode. The very low mass bin is not available for the D — h~h*u~u*
channels.

background compositions, the dataset is further divided into events with and without reconstructed
bremsstrahlung photons associated with the electrons. The corresponding D? invariant mass distri-
butions are compared in Fig. 1. Events without reconstructed bremsstrahlung exhibit a pronounced
low-mass tail due to unrecovered energy losses, while events with associated bremsstrahlung display
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Figure 1: Comparison between the simulated D° invariant mass distribution of events with and without
associated bremsstrahlung.

a high-mass tail, primarily arising from the detector resolution and from incorrect photon-to-electron
associations that lead to an overestimation of the electron momenta.

The analysis led to the first observation of the D° — 7~ 7*e~e* decay in regions where the
dielectron pair is consistent with originating from p(770), w(782), or ¢$(1020) resonances. The
fits used to extract the signal yields are shown in Fig. 2. The measured branching fractions are
B(D° — nrtleet],0) = (45+1.0+£0.7 £0.6) x 1077 and B(D° — n rtle"e]y) =
(3.8+0.7+0.4+0.5) x 1077, where the quoted uncertainties are statistical, systematic, and due to
the external input on the normalization channel branching fraction, respectively. No evidence for
Lepton Flavour Universality violation has been observed.

2. Firstlook at D° — K nte et and D° — n-rte et 2024 data

Between Run 2 and Run 3, the LHCb detector underwent a major upgrade, during which the
Level-0 hardware trigger was removed. The new fully software-based trigger now enables the study
of previously inaccessible low-pr regions, thereby extending the accessible phase space. However,
the higher instantaneous luminosity and increased material budget in Run 3 lead to a degradation
of the electron mass resolution compared to Run 2.

A preliminary analysis of the normalization channel D — K~ 7% [e~e*],/,, is used to estimate
the expected yields for the D° — 7~ n*e~e* and D — K~ K*e~e* decay modes. To evaluate the
performance of the new High Level Trigger (HLT) lines dedicated to electron reconstruction, the
dataset is divided into three independent categories based on the trigger selection:

* TrackMVA lines only: select particles using a multivariate algorithm based on transverse
momentum, impact parameter, flight-distance significance, and vertex quality;

* Electron lines only: similar to the TrackMVA selection, with additional electron particle-
identification requirements, or targeting pairs of displaced electrons;

* TrackMVA and electron lines: require both selections to be satisfied simultaneously.
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Figure 2: Fit results of the search for (left) D® — n*7~e*e™ and (right) D° — K*K~e*e™ with Run 2
data, for every di-electron mass bin and for both bremsstrahlung categories.

The signal yield is extracted using an unbinned extended maximum-likelihood fit performed
separately for each data category. The signal shape is modelled with a Johnson probability density
function, whose parameters are determined from fits to official LHCb simulated samples, except for
the peak position and core width, which are left free in the data fit. The combinatorial background
is described by a first-order polynomial.

Peaking background contributions are modelled using simulated samples generated with
the RapidSim package [6], which incorporates D** kinematic distributions and detector reso-
lution effects derived from official simulated D° — K~ n*e~e* samples. For events with re-
constructed bremsstrahlung photons, the dominant partially reconstructed backgrounds include
D° — K~ n*e*e™y (with an unreconstructed photon) and D° — K~ n*n*e™ v, (where the 7,
is not reconstructed and a pion is misidentified as a positron), both leading to similar invariant
mass distributions of the D° candidate. In the subsample without reconstructed bremsstrahlung,
the main peaking background arises from D° — K~ 77~z decays with two oppositely-charged
misidentified pions.

The shapes of the peaking background components are obtained from these simulated samples,
after applying corrections to account for distortions induced by the particle-identification require-
ments of the LHCb High Level Trigger 2. These shapes are fixed in the final fits to the reconstructed
DO invariant mass. The fit results are shown in Fig. 3 for events with associated bremsstrahlung
and in Fig. 4 for events without reconstructed bremsstrahlung photons.

Preliminary studies of the D® — 7~ e~ e* decay using 2024 data indicate significant contri-
butions from partially reconstructed and misidentified backgrounds. Figure 5 shows a representative
fit in the p/w dielectron mass region, for events selected by both TrackMVA and electron trigger
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Figure 3: Fit to the D invariant mass distribution of the events with reconstructed bremsstrahlung photons
associated to the electrons, for the three trigger categories.
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Figure 4: Fit to the D invariant mass distribution of the events without reconstructed bremsstrahlung
photons associated to the electrons, for the three trigger categories. The main background contribution is
given by the mis-identified D — K~ n*7~n* events (in green).
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Figure 5: Preliminary fit to the D® — 7~ "¢~ e* candidates with associated bremsstrahlung emission. The
candidates satisfy the trigger category requiring both TrackM VA and electrons lines.

lines and with associated bremsstrahlung photons. The signal yield is determined with a relative
uncertainty of 10%, at the same level of the Run 2 analysis results.

3. Conclusions

Rare charm decays of the type D° — h~h*e~e* represent a powerful probe of short-distance
flavour-changing neutral currents, which are highly suppressed in the Standard Model and thus
are sensitive to possible virtual New Physics effects. Using the full Run 2 dataset, the LHCb
experiment achieved the first observation of the D? — n~ne~e* decay in regions of the di-
electron invariant mass compatible with intermediate p/w and ¢ resonances, and measured the
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corresponding branching fractions. The results show no indication of Lepton Flavour Universality
violation when compared to the corresponding D® — h~h*u~u* values.

The upgraded LHCD detector and trigger system in Run 3 significantly enhance the sensitivity
to these rare decays, particularly in previously inaccessible low-pr regions. Preliminary studies
of the normalization channel D° — K~ n%e~e* using 2024 data demonstrate a relevant increase
in signal yields and confirm the feasibility of the analysis strategy in the new running conditions,
despite the more challenging electron reconstruction environment.

Preliminary investigations of the D — 7~ n*e~e* channel in Run 3 data indicate promising
sensitivity. Ongoing work focuses on refining the treatment of partially reconstructed and mis-
identified backgrounds, as well as improving the understanding of detector effects. With the large
Run 3 dataset and improved trigger capabilities, updated measurements of branching fractions and
searches for the unobserved decay mode D® — K~ K*e~e* are underway.
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