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Abstract

This note presents sensitivity studies for the rare charm decays D0 → π+π−νν̄ and
Λ+
c → pµ+µ− at FCC-ee, when operated at the Z pole with 6× 1012 produced Z bosons.

The results indicate that an observation of the decay D0 → π+π−νν̄ with a significance of
5(3)σ could be possible for branching fractions at the level of [1.8−2.1]×10−7 ([2.9−3.4]×
10−7). Angular asymmetries in Λ+

c → pµ+µ− could be measured in decays of polarized
Λ+
c baryons with a precision of 0.9%. The precision expected at FCC-ee allows for the

parameter space of a large class of motivated BSM models to be constrained significantly.
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1 Introduction1

After the discovery of the Higgs boson at CERN’s Large Hadron Collider (LHC) in 2012 [1,2],2

one of the main goals of current and future experiments is to precisely determine its properties,3

which, if found to be inconsistent with the standard model (SM), could give indirect hints4

of physics beyond the SM (BSM) appearing at the TeV scale. To accomplish this task, the5

experimental high-energy physics community is considering the possibility to build a future6

electron-positron collider, such as the Future Circular Collider (FCC-ee) [3]. The potential of7

FCC-ee goes well beyond the study of the Higgs boson. When operated at collision energies8

close to the Z pole, it can also serve as a facility for precise measurements in the sector of flavour9

physics as addressed by several studies focusing on bottom-hadron decays [4–6]. Despite the10

large samples of approximately 7 × 1011 Z → cc̄ decays expected to be produced at FCC-ee,11

FCC-ee’s potential in the sector of charmed hadrons remains largely unexplored. The field of12

charm physics plays an important role in the research program of current flavour experiments,13

such as LHCb [7] and Belle II [8]. Of particular interest are rare-charm decays into final states14

with leptons, which offer the opportunity to search for BSM physics [9]. Contrary to strange15

and bottom rare processes, where loop-induced transitions occur through the exchange of up-16

type quarks (u, c, t), down-type quarks (d, s, b) are exchanged in charm transitions. On the one17

hand, this makes charm transitions very suppressed, requiring large samples of experimental18

data to be studied, and subject to large theory uncertainties arising from strong-interaction19

effects at low energies, which cannot be calculated with perturbative methods. On the other20

hand, it means that rare charm decays offer complementary sensitivity to those performed with21

kaons and bottom mesons, giving access to orthogonal interaction couplings that cannot be22

probed otherwise and making them an alternative avenue for BSM searches.23

Important tools for BSM searches that are less affected by theory uncertainties in rare24

charm decays are null tests, i.e., observables that are negligibly small in the SM due to exact25

or approximate symmetries or parametric suppression. A first example is provided by c → uνν̄26

transitions: their SM branching fractions are tiny and well beyond the experimental reach, so27

any observation at current facilities would clearly indicate BSM physics [10,11]. Example BSM28

scenarios that can be tested in c → uνν̄ decays include new scalar or vector bosons, leptoquarks,29

or light dark-matter particles mimicking the dineutrino signature. These are all theoretically30

well-motivated extensions of the SM that can address some of its limitations. Moreover, as the31

size of their branching fractions depends on neutrino flavour, rare charm dineutrino modes also32

test BSM physics in a model-independent approach: assuming lepton universality or charged33

lepton flavour conservation, which are exact symmetries in the SM, model-independent upper34

limits on branching fractions of flavour-summed dineutrino modes can be derived using SU(2)L35

symmetry and existing bounds on the less suppressed charged-lepton modes (c → u`+`− with36

` = µ, e) [12]. With no additional assumptions about charged lepton flavour symmetries, the37

upper limits typically reach a few ×10−5. The upper limits are approximately four times smaller38

when assuming charged lepton flavour conservation and almost 10 times smaller in the case of39

lepton universality [10–12].40

Experimentally, there is one only measurement by the BESIII collaboration, setting an upper41

limit on the decay D0 → π0νν̄ at 2.1×10−4 at 90% confidence level (CL) [13]. No other limit on42

any of the c → uνν̄ branching fraction exists, partly because of the experimental challenge of43

identifying final states with two neutrinos that leave no signature in the experimental apparatus.44

A second example involves measuring angular asymmetries in charged-lepton decays of45

charmed hadrons, such as Λ+
c → pµ+µ−. The LHCb collaboration has measured the forward-46

backward asymmetry, AFB, in these decays [14]. Contrarily to proton-proton collisions, where47

Λ+
c baryons are produced predominantly unpolarised, FCC-ee would give access to polarised Λ+

c48

baryons, providing access to a wider range of angular observables. Many of these observables49

1



constitute null tests of the SM and offer increased sensitivity to potential contributions from50

BSM physics.51

This note describes sensitivity studies for the search of D0 → π+π−νν̄ decays and for the52

measurement of angular asymmetries in Λ+
c → pµ+µ− decays at FCC-ee, using an assumed53

sample of 6× 1012 produced Z bosons and the IDEA detector concept [15]. These decays have54

been chosen to highlight the unique potential of FCC-ee in the field of rare charm decays, and its55

complementarity with respect to current flavour-physics experiments. The decay D0 → π+π−νν̄56

has been chosen as an example of c → uνν̄ transitions, since it has the experimental advantage57

of providing a displaced secondary D0 decay vertex that can be reconstructed from the two58

oppositely charged pions. Sensitivity estimates for related decay modes and topologies, such59

as D0 → K+K−νν̄, D+ → π+νν̄ or Λ+
c → pνν̄ [10], are left for future studies. We show that60

the experimental conditions of e+e− collisions, the significant boost of the produced charm61

quarks, and the hermetic acceptance of the IDEA detector [15] enable efficient reconstruction62

and selection of D0 → π+π−νν̄ decays. The decay Λ+
c → pµ+µ− has been chosen to illustrate63

the potential of studying c → u`+`− transitions in initially polarised baryon decays. The clean64

environment of an e+e− collider and the large production rate of Z bosons enables high-precision65

measurements of angular asymmetries, potentially reaching sensitivities below the one-percent66

level for observables that have not been measured at hadron colliders.67

The note is structured as follows. First, section 2 outlines the simulated samples of data68

used in the analysis and the IDEA detector concept. The analysis strategy for the search of69

the D0 → π+π−νν̄ decay is presented in section 3, which comprises a candidate selection,70

estimation of expected backgrounds and determination of the expected sensitivity. The study71

of angular asymmetries in Λ+
c → pµ+µ− decays follows in section 4. Final concluding remarks72

are given in section 5.73

The results of this note have been submitted for publication as part of a combined paper74

on phenomenology and experimental prospects together with G. Hiller and D. Suelmann (TU75

Dortmund) in Ref. [16], where also more details about the size of possible NP effects in the76

studied decays are described.77
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2 Detector model and simulated data78

The event generator PYTHIA8 [17] is used to simulate the e+e− collision, as well as the hadroni-79

sation of the outgoing quarks. Modelling of the beam size is taken into account according to the80

latest beam-size parameters [18]. For background studies, inclusive Z → qq decay samples are81

generated privately with the production parameters of the so-called winter2023 campaign us-82

ing EvtGen [19] for modeling the decay of unstable particles. In EvtGen, we use the decay table83

provided by the Belle II collaboration [20]. With respect to the official FCC-ee samples of the84

winter2023 campaign, which rely exclusively on PYTHIA8, our approach gives a more realistic85

generation of the physics processes by accounting also for very rare decays of b and c hadrons,86

which are relevant for the presented analyses. Signal D0 → π+π−νν̄ and Λ+
c → pµ+µ− decays87

are arising from charm mesons directly produced in the primary e+e− collision (no charm from88

b-hadron decays) and also generated using EvtGen assuming uniformly distributed final-state89

particles in the decay phase space. Only decays of one flavour (D0 and Λ+
c ) are considered90

to avoid the occurrence of the signal decay in both hemispheres, which would bias the event91

selection. The following numbers of events have been generated:92

N(Z → bb̄) = 108 , N(Z → cc̄) = 108 ,

N(Z → uū) = 108 , N(Z → dd̄) = 108 ,

N(Z → ss̄) = 108 , N(Z → τ+τ−) = 108 ,

N(D0 → π+π−νν̄) = 106 , N(Λ+
c → pµ+µ−) = 106 .

The Z → τ+τ− sample has been included to account for 3-prong τ decays into hadrons, which93

have missing momentum in the final state and are topologically similar to D0 → π+π−νν̄ signal94

candidates.95

The detector model is based on the IDEA detector concept [15]. It consists of silicon vertex96

detectors close to the beam pipe, a drift chamber for quasi-continuous tracking of charged97

particles, a 2T solenoid, as well as a dual-readout calorimetry and muon chambers. This model98

is widely used and tested in the community to derive detector requirements for both flavour99

and Higgs physics, with flavour-physics studies resulting in the most stringent requirements100

in terms of vertexing, tracking, and calorimetry [6]. For fast simulation, parametric detector101

responses have been modelled using DELPHES [21], including the full event reconstruction into102

particle-flow objects. The design of the IDEA detector is still to be optimised and we use103

publicly available performance numbers. More information can be found in the FCC feasibility104

study report Ref. [22]. The output, the community-wide EDM4HEP [23] standard, has further105

been processed within the FCCAnalyses framework, based on ROOT’s RDataFrame format [24].106

For identification of charged hadrons, we combine particle-hypothesis separation using infor-107

mation from the drift chamber (cluster counting and dE/dx measurements, see left of Figure 1108

taken from the conceptual design report Ref. [3]) and the silicon wrapper, which provides time-109

of-flight measurements at a radial distance of 2 m from the beam line. Following Ref. [15], we110

compute the separation using time-of-flight information assuming a resolution of 100ps and111

assuming a flight distance corresponding to particles emitted at θ = 90◦. As an example, the112

K → π separation (dN/dx, time of flight and their combination) is shown on the right of Fig-113

ure 1. In the analyses presented in this note, we consider π → K and K → p separation. When114

studying final states with muons, information from the muons system will play a crucial role.115

In the following, we assume a 0.4% pion-to-muon misidentification probability, as assumed in116

previous studies of rare decays at FCC-ee [25].117
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Figure 1: Energy-loss dE/dx measurements (dotted lines), expressed as separation power (in
units of Gaussian standard deviations) between different particle species (top), reproduced from
Ref. [3]. Combined separation of pions and kaons (lower left) and protons and kaons (lower
right) using time-of-flight and dN/dx information.

4



3 Search for D0 → π+π−νν̄ decays118

To estimate the FCC-ee sensitivity of the search for D0 → π+π−νν̄ decays, we develop a119

candidate reconstruction and selection strategy. This approach involves an initial cut-based120

preselection, followed by training and evaluating a Boosted Decision Tree (BDT). The selection121

performance might depend on the kinematics of the reconstructible final-state particles, which122

are affected by the underlying decay model, which remains unknown. To quantify the impact123

on the results of the phase-space decay model assumed in generation, we apply weights based124

on various hypothetical models to the simulated signal candidates, as detailed in the following125

section. Finally, we calculate the sensitivity using estimated efficiencies for both signal and126

background contributions.127

3.1 Weighting of simulated signal candidates128

Three alternative decay models, parametrized in terms of q2 = m2(νν̄) and p2 = m2(π+π−),129

have been provided by G. Hiller and D. Suelmann from TU Dortmund. The first model,130

referred to as Dp, uses the measured p2 distribution of the decay D+ → π+π−e+νe to infer the131

p2 spectrum of the D0 → π+π−νν̄ decay. The other two models are derived from heavy hadron132

chiral perturbation theory (HHchiPT), including or excluding contributions from intermediate133

resonances in the dipion system, labelled as HHchiPT_res and HHchiPT, respectively. More134

details about the models can be found in Ref. [16]. Figure 2 compares the phase-space model135

used in the simulation (left) with the Dp model (right). Figure 3 shows the two HHchiPT-based136

models with (left) and without (right) resonances.137
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Figure 2: Normalised p2 vs q2 distribution of the simulated signal using phase space (left) and
from the Dp theory model (right).
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Figure 3: Normalised p2 vs q2 distribution from the HHchiPT_res (left) and HHchiPT (right)
models.

For each alternative model, weights are obtained from the ratio between the two dimensional138

p2 vs q2 histograms of the alternative and phase-space model. The weights are then used to139

correct the generated signal decays on a per-event basis and evaluate the dependency of the140

result on the decay model. The entire analysis procedure is repeated for each alternative model141

(and the phase-space model), including the training of the BDT classifier and the optimisation142

of the selection requirements.143

3.2 Candidate reconstruction144

The reconstruction starts with the identification of tracks that originate from secondary vertices,145

well displaced from the primary e+e− interaction. The function get_PrimaryTracks from the146

FCCAnalyses library [26] identifies “primary” tracks by fitting them to a primary vertex (PV)147

which is constrained to be in the e+e− luminous region (beam spot). The constraint uses the148

sizes of the luminous region as uncertainties and the origin (0, 0, 0) as the reference centre.149

The actual fit, performed by the function theVertexFit [27], returns a χ2 value computed150

as the sum of the χ2
i contributions of each track i, χ2 =

∑
i χ

2
i . In an iterative procedure,151

tracks with a χ2
i > 25 are removed from the fitted PV and identified as “secondary” tracks.152

The position of the PV is then determined and a vertex object is created with the function153

VertexFitter_Tk [26].154

Secondary tracks are identified as pions and kaons using truth-level information. Per-155

track weights are then assigned to simulate realistic misidentification rates. For pions, a 100%156

identification probability is assumed by assigning a weight w = 1 to all true pions. Momentum-157

dependent weights emulating kaon-to-pion misidentification rates are shown in Figure 4. These158

are computed as159

w(p) = 2×
∫ ∞

σ(p)

G(x) dx, (3.1)

where G is a Gaussian distribution with zero mean and unit width, and σ(p) is the assumed160

momentum-dependent separation between different particle species using cluster counting and161

time-of-flight information shown in Figure 1. Correctly identified true pions and kaons misiden-162

tified as pions are embodied as pion candidates in the following. It is assumed that the particle-163

identification performance for a given track is independent from all other tracks. The weight164

assigned to D0 candidates is then the product of the PID weights of the two pions. The165

misidentification of all other particle species is assumed to be negligibly small for this study.166

6



1 10 100

Momentum [GeV/c]

1.0

3.2×10−1

4.6×10−2

2.7×10−3

6.3×10−5

5.7×10−7

2.0×10−9

2.6×10−12

1.3×10−15

P
ID

w
ei

gh
t

π±↔ K±

p↔ K±

Figure 4: Assumed kaon → pion and kaon → proton misidentification probabilities as a function
of momentum as obtained from the combined particle separation using information of the drift
chamber and the time of flight.

To reconstruct candidate π+π− secondary vertices from D0 → π+π−νν̄ decays, pairs of167

oppositely charged pion candidates are fitted to a common vertex. Candidate π+π− vertices168

must have fits satisfying χ2/ndof < 7.4 and are excluded if, when combined with other charged169

particles in the event, form good vertices satisfying the same quality requirement. The selected170

vertices are considered D0 signal candidates. The reconstruction efficiency is defined as the171

sum of the weights (PID weights for background and decay-model weights for signal) of all172

reconstructed D0 candidates over the total number of initial events,173 ∑
i wi,rec

Ninitial events
. (3.2)

For the signal dataset, this efficiency is found to be [58.5%, 57.9%, 58.0%, 57.8%] for the [PHSP,174

Dp, HHchiPT_res, HHchiPT] models. The average efficiency for background samples is 59.9%.175

The subsequent analysis is performed on a candidate-by-candidate basis, treating each candi-176

date as an independent event, even if multiple candidates are reconstructed within the same177

event.178

Non-reconstructed particles such as neutrinos appear as missing momentum in the event,179

which is simply calculated from momentum conservation via180

~pmiss = −
nparticles∑

i=0

~pi , (3.3)

with the index i running over all particle-flow objects and ~p being their respective momentum181

vector. The presence of two neutrinos in the final state of the signal decay leads to a significant182

energy imbalance between the signal hemisphere and the opposite hemisphere. To quantify the183

energy imbalance, as well as other observables of the signal hemisphere, the thrust axis ~t is184

computed as implemented in the FCCAnalyses algorithms which uses the MIGRAD method of185

the Minuit minimizer [28] to maximize186 ∑
i |~pi · t̂|∑
i |~pi|

=

∑
i |pxi

· t̂x + pyi · t̂y + pzi · t̂z|∑
i

√
p2xi

+ p2yi + p2zi
, (3.4)

where the index i denotes each reconstructed particle and t̂n is the nth component of the thrust187

vector normalized by the magnitude of ~t. This axis is perpendicular to the plane separating188
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the two hemispheres. To make sure it always points towards the signal hemisphere, the thrust189

axis vector is transformed given the π+π− candidate momentum ~pπ+π− via190

~pπ+π− · ~t

{
> 0, ~t → ~t

< 0, ~t → −~t
. (3.5)

Variable Requirement
Reconstructed energy of D0 candidate > 1 GeV

IP(π+π−) < 1 mm
Total number of reconstructed tracks in event < 12

Total number of reconstructed particles in event > 15
Number of reconstructed π0 in event < 60

Missing momentum of event pmiss > 1.2 GeV
Min. of the IP of the two π from D0 candidate < 1 mm
Max. of the IP of the two π from D0 candidate < 2 mm

Flight Distance of D0 candidate < 10 mm
IP(π+π−)− IP(π+π−pmiss) > -0.5 mm

DIRA(π+π−)− DIRA(π+π−pmiss) > -0.5 rad
Opening angle α of π’s < 0.9 rad

scorebtotal, signal < 0.62
score

u/d
total, signal < 0.2

scoregtotal, signal < 0.2
scorecsignal > 0.01

Number of leptons in signal hemisphere == 0
m(π+π−) < 1.8 GeV

m(π+π−pmiss) < 3 GeV
mcorr > 0.6 GeV

Table 1: Requirements used in the preselection of the signal candidates. Signal and background
distributions of each variable are shown in Appendix A.

The variables showing the highest discrimination power between signal and background191

are then used to apply a cut-based preselection suppressing the most evident background by192

about 99.4%. About [78.5%, 81.1%, 78.9%, 78.6%] of the reconstructed signal candidates for193

the [PHSP, Dp, HHchiPT_res, HHchiPT] decay model survive this preselection. The preselection194

requirements are presented in Table 1.195

Here, the impact parameter (IP) is defined as the minimum distance of a particle trajectory196

to the reconstructed PV. The difference of the IP of the D0 candidate with and without adding197

the missing-energy vector is referred to as IP(π+π−) − IP(π+π−pmiss). The requirement of198

the total number of reconstructed particles in the event removes the majority of background199

candidates from Z → τ+τ−. The direction angle (DIRA) is the angle between the momentum200

vector of the signal candidate reconstructed with the two pions ~pπ+π− and the vector connecting201

the PV and the D0 decay vertex. The response of a neural-network-based jet flavour tagger [29]202

is used to identify cc̄ events. The tagger returns a probability, scoreq, that a jet originates203

from a given parton flavour q (q = u/d, s, c, b for quark jets or g for gluon jets). As the204

jet score is defined for each hemisphere, the score on the side consistent with the signal is205
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called scoreqsignal, the score on the opposite side is called scoreqnon−signal. The sum of the two206

scores is referred to as scoreqall. In addition, we compute the quantity scoreqtotal for each flavour207

q as the product between the q score and the probabilities of not being of another flavour,208

scoreqtotal,signal = scoreq ·Πk 6=q(1−scorek)) in the signal hemisphere. The number of reconstructed209

π0 is also used as selection variable, which is computed by summing the number of two photon210

combinations that meet certain criteria, such as an opening angle smaller than π/6 and an211

invariant mass in the range [100, 160]MeV.212

Further kinematic variables are introduced that partially account for the missing neutrinos213

in the final state and help to identify signal decays. The corrected mass of the D0 meson (mcorr)214

is calculated as215

mcorr =
√
m2(π+π−) + p2⊥ + p⊥, (3.6)

with p⊥ being the component of the dipion momentum that is perpendicular to the D0 flight di-216

rection, calculated from the measured decay and primary vertices as êdir D0 = (~vD0−~vPV)/|~vD0−217

~vPV|. The magnitude of the momentum component of the D0 candidate is approximated using218

the relation [30]219

|~p(D0)| = mD0

m(π+π−)
· (~p(π+π−) · êdir D0), (3.7)

where mD0 is the PDG value of the D0 mass. This allows to compute q2 as220

q2 = |~p(D0)− ~p(π−π−)|2, (3.8)

which is not used in this study, but could be used in future analyses to perform a q2 binning.221

Additional variables are computed to target background from D0 → K0
Sπ

+π− and D0 →222

K0
Lπ

+π− decays. We reconstruct K0
S decays into two charged or neutral pions by requiring the223

dipion mass to be smaller than 750 MeV. The dipion opening angle must be smaller than 0.6224

for the (π+π−) candidates, and smaller than π/6 for the (π0π0) candidates. We consider as K0
L225

candidate any neutral particle leaving energy deposits in the hadronic calorimeter, and no de-226

posit in the electromagnetic calorimeter. Candidate K0
S,L mesons that are reconstructed within227

a cone around the direction of the dineutrino system, having a radius of
√

(∆φ2 +∆η2 = 0.2,228

are combined with the dipion signal candidates to form candidate D0 → KS,Lπ
+π− decays.229

Here, ∆φ and ∆η are differences in azimuthal angle and pseudorapidity between the dineutrino230

direction and the neutral kaon candidates, respectively. The dineutrino direction is obtained231

using the difference of the approximated D0 momentum (Equation 3.7) and ~p(π+π−). The232

K0
S,Lπ

+π− mass is used as discriminating variable. When more than one K0
S,L candidate are233

found within the cone, only the combination with mass closest to the known D0 mass is consid-234

ered. When no K0
S,L are found in the cone, a value of zero is assigned to the K0

S,Lπ
+π− mass.235

Finally, the momentum imbalance of the signal candidate pions is also computed via236

pimb(π
+π−) =

|p(π+)| − |p(π−)|
|p(π+)|+ |p(π−)|

. (3.9)

Plots showing the signal and background distributions of the variables used in the preselection237

can be found in Appendix A.238

3.3 Selection optimisation239

A Boosted Decision Tree (BDT) based on an Adaptive Boosting (AdaBoost) algorithm [31] is240

trained to separate signal and background candidates.1241

1As most of the background after the preselection arises Z → cc̄ decays, a single BDT is found to be sufficient
in contrast to an earlier version of this note [32] where BDTs were used in cascade.
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The BDT is trained on the exclusively simulated D0 → π+π−νν̄ decays as signal, while the242

background sample consists of a merged dataset of all inclusive background samples described in243

section 2. The fractions of the different samples before the reconstruction of candidates reflect244

the natural proportions: 12.03% Z → cc̄, 15.12% Z → bb̄, 15.84% Z → ss̄, 11.17% Z → uū,245

15.84% Z → dd̄, and 3.37% Z → τ+τ− [33]. The background dataset also includes events with246

misidentified K tracks with their corresponding PID weights. To validate the training results,247

the dataset is split into a training set (two-thirds) and a testing set (one-third).248

The input variables capture the overall event topology, including hemisphere energy asym-249

metry, track multiplicity, and the response of the jet flavour tagger. They also include variables250

that characterize more directly the D0 → π+π−νν̄ decay, like the opening angle of the two pions251

or their IP. The input variables are selected to ensure minimal correlation within either the252

signal or background dataset while maximizing their discrimination power. The variables used253

in the BDT are chosen to have a maximum separation power between signal and background254

and a high variables importance in the training of the classifier. If multiple variables show high255

correlations, only the one with higher separation is retained. The variables are:256

• c-jet score of signal side,257

• sum of q-jet score of signal and non-signal side (q ∈ [c, b, g]),258

• number of reconstructed π0 in event,259

• reconstructed energy of D0 candidate,260

• total number of charged tracks and total number of particles in event261

• total number of leptons in event262

• total reconstructed energy of charged tracks in event,263

• reconstructed invariant mass of PV using primary tracks,264

• number of primary tracks,265

• missing momentum of event,266

• total number of secondary vertices in the event267

• momentum imbalance of two-pion system pimb(π
+π−),268

• corrected mass mcorr,269

• m(K0
Sπ

+π−) and m(K0
Lπ

+π−),270

• flight distance of D0 candidate,271

• number of tracks (π0 candidates) within a 0.5(0.4)-radius cone around the reconstructed272

D0 momentum (~p(π+π−)),273

• IP(π+π−)− IP(π+π−pmiss),274

• difference of the mass of the two pion combination with and without adding the missing275

momentum, m(π+π−pmiss)−m(π+π−)276

• log(1− cos(α)), where α is the angle between the two pion tracks,277

• total reconstructed energy of the event,278
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• log(1− cos(θ)), where θ is the angle between the reconstructed signal-candidate momen-279

tum (~p(π+π−)) and the thrust axis280

• energy asymmetry of hemispheres using the reconstructed energy of all particles.281

Appendix A reports the separation power and importance of each variable, and their linear282

correlation coefficients. The distributions of the three BDT responses are shown in Figure 5.283

The area under the ROC curve of the classifier (AUC) is [0.979, 0.982, 0.983, 0.980] for the284

[PHSP, Dp, HHchiPT_res, HHchiPT] decay model, which displays a successful training.285

The requirement on the BDT response is chosen by maximising the figure of merit (FOM) [34]286

FOMnσ =
εBDT,sig

n
2
+
√
B
, (3.10)

where B is the total expected background yield (as computed in the next section), εBDT,sig is the287

signal efficiency determined as the ratio of the sum of the signal weights before (Nw, preselection =288 ∑
i wi, preselection) and after (NBDT =

∑
i wi, BDT) the BDT requirement εBDT,sig = NBDT

Npreselection
.289

This metric is particularly useful when the absolute number of signal events is unknown, as it290

depends on the signal efficiency rather than the total number of signal events. The optimiza-291

tion is performed for n = 3, 5, corresponding to 3, 5σ levels of signal significance. The FOM292

for either level of significance yields similar BDT cut requirements. The evolution of the FOM293

as a function of the BDT requirement for the n = 3 case is shown in Figure 6. The BDT294

requirements that maximise the FOMs for the PHSP, [Dp, HHchiPT_res, HHchiPT] decay models295

are > [0.208, 0.178, 0.216, 0.202]. They result in background rejections of [99.1%, 98.8%, 99.5%,296

99.2%] and signal efficiencies of [43.9%, 54.8%, 38.3%, 43.7%], respectively. Remaining back-297

ground predominantly arise from Z → cc̄ decays with partially reconstructed or semi-leptonic298

charm decays.299
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Figure 5: The response of the BDTs trained on (left to right) [PHSP, Dp, HHchiPT_res, HHchiPT]
on all inclusive backgrounds and the signal. The backgrounds are normalized to their expected
relative fractions after the preselection. The red dotted lines represent the applied BDT cuts.
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Figure 6: Signal efficiency (εsig, orange), normalized background yield (B, green), and FOM3σ
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decay models.
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A Kolmogorov–Smirnov test is performed to check for overtraining. The test compares the300

BDT score distributions of the training and test subsamples. The values found for the train and301

test sample for the [PHSP, Dp, HHchiPT_res, HHchiPT] decay models are [0.184, 0.249, 0.473,302

0.259] for the signal and [0.394, 0.787, 0.557, 0.224] for the background datasets respectively,303

proving no overtraining.304

3.4 Sensitivity estimation305

To evaluate the sensitivity, the statistical significance of the signal is approximated as306

s =
S√

S +B
. (3.11)

where S and B are the expected signal and background yields, respectively. The expected307

number of signal events S is calculated from the assumed signal branching fraction B(D0 →308

π+π−νν̄) as309

S = 2×NZ × B(Z → cc̄)× fD0 × B(D0 → π+π−νν̄)× εtotal,sig, (3.12)

where:310

• The factor of 2 accounts for the production of both charm and anti-charm quarks per Z311

decay,312

• NZ = 6× 1012 is the expected number of produced Z bosons,313

• B(Z → cc̄) = 12.03% is the branching fraction of the Z to a charm quark pair,314

• fD0 = 0.59 is the charm hadronization fraction to a D0 meson [35],315

• and εtotal,sig is the signal efficiency, which is the product of the reconstruction and selection316

efficiency.317

The total expected number of background candidates B is given by318

B = NZ

( ∑
q=c,b,s,u,d,τ

B(Z → qq̄)εtotal,q

)
, (3.13)

where:319

• B(Z → qq̄) are the branching fractions of the Z boson to various fermion final states,320

• εtotal,q represents the total efficiency for each inclusive background category q, which is321

the product of the reconstruction and selection efficiency.322

The efficiencies, after each analysis step, for all background samples and for signal decays are323

reported in Table 2. The significance as a function of the assumed branching fraction for each324

decay-model assumption is illustrated in Figure 7. The minimal branching fractions leading to325

significances of 3σ (5σ) are found to be [2.1, 1.9, 1.8, 2.1]×10−7 ([3.4, 3.2, 2.9, 3.4]×10−7) for the326

[PHSP, Dp, HHchiPT_res, HHchiPT] decay model. This is within the parameter space allowed by327

possible BSM scenarios, which, as a reminder, could lead to branching fractions at the level of328

few 10−6 depending on the assumptions about charged lepton flavour symmetries.329
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Bkg. process Reco. [10−2] Preselection [10−3] BDT [10−3] Total
Z → cc̄ 75.5 25.1 [10.0, 14.3, 5.8, 9.7] [1.9, 2.7, 1.1, 1.8]× 10−4

Z → bb̄ 84.2 1.7 [1.3, 1.4, 0.8, 1.5] [2.0, 2.1, 1.2, 2.1]× 10−6

Z → uū 42.6 0.6 [1.1, 1.1, 0.3, 0.6] [2.7, 2.7, 8.6, 1.4]× 10−7

Z → dd̄ 44.9 0.6 [0.7, 1.1, 0.3, 1.0] [1.8, 2.8, 0.7, 2.7]× 10−7

Z → ss̄ 62.6 0.6 [0.8, 1.0, 0.4, 0.6] [2.8, 3.6, 1.3, 2.3]× 10−7

Z → τ+τ− 9.9 0.1 [23.3, 52.3, 17.4, 23.3] [1.9, 4.2, 1.4, 1.9]× 10−7

Signal Reco. [10−1] Preselection [10−1] BDT [10−1] Total [10−2]
D0 → π+π−νν̄ [5.9, 5.8, 5.8, 5.8] [7.8, 8.1, 7.9, 7.9] [4.4, 5.5, 3.8, 4.4] [20.2, 25.8, 17.5, 19.9]

Table 2: Efficiencies at different selection steps for background and signal samples and for
[PHSP, Dp, HHchiPT_res, HHchiPT] decay models.
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Figure 7: Sensitivity estimate as a function of the branching fraction of D0 → π+π−νν̄ for the
[PHSP, Dp, HHchiPT_res, HHchiPT] decay model ([blue, green, yellow, red]) with the 3σ and 5σ
thresholds. Note that the red and blue curves are almost identical.
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4 Angular asymmetries in Λ+
c → pµ+µ− decays330

To estimate the uncertainty on angular asymmetries in decays of polarized Λ+
c baryons to331

pµ+µ− final states, a dedicated candidate reconstruction and cut-based selection is developed.332

Using the signal and background efficiencies, the sensitivity for a generic null-test asymmetry333

is determined, which serves as a proxy for future measurements of angular asymmetries.334

4.1 Candidate reconstruction and selection335

As done in section 3, we assume 100% identification probability for correctly identified particles,336

i.e. muons and protons. The background samples defined in section 2 are used with fractions337

of the different samples adjusted as described in subsection 3.3. Momentum-dependent weights338

emulate kaon ↔ proton misidentification with probabilities as obtained from Figure 4. For this339

study a pion → muon misidentification of 0.4% per track is assumed as done in other FCC340

studies regarding rare semi-leptonic decays [25].341

Muon candidates are required to have a transverse momentum larger than 300 MeV. Proton342

candidates are required to have transverse momentum larger than 1.5 GeV. Combinations of343

one proton candidate and two oppositely charged muon candidates are formed and their mass344

must be between 2.25 and 2.3 GeV. Each combination is fitted to a common secondary decay345

vertex, and the resulting vertex fit quality must satisfy χ2/ndof < 5. For signal, the efficiency346

of the reconstruction is found to be 89.6%. The average efficiency for the background samples347

is 6.7×10−5. The subsequent analysis is performed on a candidate-by-candidate basis, treating348

each candidate as an independent event, even if multiple candidates are reconstructed within349

the same event. As the final state is fully reconstructed, a simple cut-based selection is sufficient350

to isolate the rare signal.

Variable Requirement
pT (µ) > 300 MeV
pT (p) > 4 GeV

scoresall < 0.9
scoreu/dall < 0.9
scoreball < 1.2∑

q=s,u,d,b,g scoreqall − scorecall < 1.8
IP(pµ+µ−) < 0.26 mm

IP(p) > 2.5 µm
m(pµ+µ−) > 2.275 GeV
m(pµ+µ−) < 2.300 GeV
E(pµ+µ−) > 20 GeV

Flight distance of Λ+
c candidate < 2.8 mm

DIRA(pµ+µ−) < 2.8 rad
Number of π0 within an angular distance R ≤ 0.4 < 13

Number of reconstructed π0 in event < 40
χ2/ndof of Λ+

c vertex < 1.6
Number of particles in event > 15

Table 3: Requirements used in the selection of the signal candidates. Signal and background
distributions of each variable are shown in Appendix B.
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The variables showing the highest discrimination power between signal and background are351

listed in Table 3, together with the requirements that are applied. The variables are defined352

in analogy to section 3. Plots showing the signal and background distributions of the variables353

used in the preselection can be found in Appendix B. The total reconstruction and selection354

efficiency is found to be 1.6 × 10−9 for the background and 41.79% for the signal. No further355

selection optimisation is required. Most of the remaining background is of combinatorial origin356

with one or two particles mis-identified.357

4.2 Sensitivity estimation358

To evaluate the sensitivity on the measurement of angular asymmetries, the simulated signal359

and background samples are scaled to the expected yields. To estimate the expected number360

of signal candidates S, we approximate the branching fraction of Λ+
c → pµ+µ− decays as the361

sum of the branching fractions, B(Λ+
c → pV ) with V = η, ρ, ω, φ with subsequent decay of362

V → µ+µ−, of the dominant intermediate hadronic resonances yielding a value of B(Λ+
c →363

pµ+µ−) = 4.15 × 10−7 [33]. In analogy to Equation 3.11, the total number of expected signal364

candidates is then365

S = 2×NZ × B(Z → cc̄)× 0.06× B(Λ+
c → pµ+µ−)× εtotal,sig, (4.1)

where:366

• The factor of 2 accounts for the production of both charm and anti-charm quarks per Z367

decay,368

• NZ = 6× 1012 is the expected number of produced Z bosons,369

• B(Z → cc̄) = 12.03% is the branching fraction of the Z to a charm quark pair,370

• 0.06 is the charm hadronization fraction to a Λ+
c meson [35],371

• and εtotal,sig is the signal efficiency, which is the product of the reconstruction and selection372

efficiency.373

As seen before, the total expected number of background candidates B is given by374

B = NZ

( ∑
q=c,b,s,u,d,τ

B(Z → qq̄)εtotal,q

)
, (4.2)

where:375

• B(Z → qq̄) are the branching fractions of the Z boson to various fermion final states,376

• εtotal,q represents the total efficiency for each inclusive background category q, which is377

the product of the reconstruction and selection efficiency.378

In total, we estimate an expected signal yield of 15 021 and 7 240 for the background.379

Angular asymmetries can be measured as yield asymmetries of subsamples, which are de-380

fined by angular observables (see, for example, Ref. [14] for the measurement of the forward-381

backward asymmetry in Λ+
c → pµ+µ− decays). Thus, we estimate the sensitivity of the mea-382

surement by determining the uncertainty on a dummy asymmetry measured in a toy data383

set representing the expected signal and background yields, which is randomly divided in two384

halves to emulate a null test asymmetry. An extended maximum-likelihood fit to the mass385
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distributions of the two Λ+
c subsamples is performed, where the asymmetry is a shared param-386

eter. A sum of two Gaussian functions with relative fraction f , shared mean and widths σ1387

and σ2 is used to describe the signal and an exponential function to describe the background.388

The line shape parameters are determined in fits to the scaled simulated samples as shown in389

Figure 8. From the toy studies, we obtain an asymmetry with an uncertainty of 0.9%. The390

effective width of the signal component, defined as σeff =
√

f · σ2
1 + (1− f) · σ2

2, is found to be391

σeff = (2.0± 0.1)MeV, where the uncertainty is the statistical uncertainty from the fit.392

Enhanced sensitivity to new physics can be obtained by measuring the asymmetries in393

regions of dimuon mass. We therefore repeat the study making toy experiments generating the394

yields which are expected in two regions of dimuon mass centred around the φ-meson mass as395

defined in Ref. [14], defined as φlow = [979.46, 1019.46] MeV and φhigh = [1019.46, 1059.46] MeV.396

The yields in these two regions is estimated using the known branching fraction of Λ+
c → pφ(→397

µ+µ−) and the ratio of yield measured in Ref. [14]. The results are summarized in Table 4. No398

systematic uncertainties are evaluated in the scope of this study. However, for the measurements399

of this class of asymmetries, they are expected to be factored out and well below the level of400

the estimated statistical uncertainties.401
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Figure 8: Mass distribution of selected simulated signal and background Λ+
c → pµ+µ− candi-

dates scaled to 6× 1012 Z decays. The projection of a fit is also shown with details given in the
main text.

m(µ+µ−) Nexp σA

total 15 021 0.9%

φ 10 967 1.0%

φlow 4 826 1.5%

φhigh 6 141 1.3%

Table 4: Expected signal yields and uncertainty on asymmetries in the total dimuon-mass range
and in two regions around the intermediate φ meson.
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5 Conclusion402

In this note, a sensitivity study for the decay D0 → π+π−νν̄ is presented. While D0 → π+π−νν̄403

decays are highly suppressed and approximate null tests of the SM, BSM contributions can404

result in branching fractions at the level of O(10−6). This study estimates that branching405

fractions at the level of O(10−7) are within reach at FCC-ee. These results can be extended to406

other charmed hadron decays into final states with two neutrinos, of which the D0 → π+π−νν̄407

decay represents only one example.408

Furthermore, the note describes a sensitivity study for the measurement of angular asym-409

metries in polarised Λ+
c → pµ+µ− decays, where a precision below the percent level can be410

reached. The decays of polarised Λ+
c baryons offer a variety of null-test measurements in the411

angular distributions of the final state particles where NP signatures can reach the percent412

level. These studies open the door to a new area in charm physics and the opportunity to look413

for new phenomena in processes that have not yet been explored experimentally, and highlight414

the complementary of FCC-ee with respect to existing flavour-physics experiments.415
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A Supplemental Material Search for D0 → π+π−νν̄ decays503

The variables used in the preselection and BDT training are shown in subsection A.1 and504

subsection A.2. The correlations of variables used in the BDT for the signal and background505

are shown in subsection A.3. Additionally, the separation and variable importance of the506

variables used in the BDT are shown in subsection A.4. All variable distributions shown in507

subsection A.1 and subsection A.2 are exemplary done for the PHSP decay model. The variables508

used to select π0, K0
S and K0

L candidates are presented in subsection A.5. All distributions are509

normalized to unity.510

A.1 Preselection variable distributions511
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Figure 9: Variable distributions used in the preselection. (a) shows the jet flavour tagger response for
the c-jet likelihood on the signal hemisphere, (b) the number of reconstructed π0 candidates, (c) the
reconstructed energy of the D0 candidate, (d) the impact parameter of the D0 candidate, (e) the total
number of charged tracks in the event and (f) the mising energy of the event.
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Figure 10: Variable distributions used in the preselection. (a) shows the difference of the impact parameter
between reconstructed D0 using two pions and using two pions together with the missing momentum, (b)
the corrected D0 mass mcorr, (c) and (d) the minimum and maximum impact parameter of either pion
used for the reconstruction of the D0 candidate, (e) the flight distance of the D0 candidate and (f) the
difference of the direction angle between reconstructed D0 using two pions and using two pions together
with the missing momentum.
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Figure 11: Variable distributions used in preselection. (a) shows the difference of the reconstructed invari-
ant mass using two pions and using two pions together with the missing momentum, (b) the reconstructed
invariant D0 mass, (c), (d) and (e) the multiplied chances of jet being specified flavour. (f) depicts the
opening angle of the two pions used for the signal reconstruction.
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Figure 12: Variable distributions used in preselection. (a) shows the number of particles and (b) the
number of leptons in the signal-hemisphere.
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A.2 BDT variable distributions512
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Z → dd̄
Z → τ+τ−
D0 → π+π−νν̄

(f)

Figure 13: Variable distributions used in the BDT. (a) the number of reconstructed π0 candidates around
D0 candidate, (b) the number of reconstructed π0 candidates in the event, (c) the reconstructed energy of
the D0 candidate, (d) the the total number of charged tracks in the event, (e) the missing momentum of
the event and (f) the total reconstructed energy of the event.
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Figure 14: Variable distributions used in the BDT. (a) shows the corrected D0 mass mcorr, (b) the recon-
structed invariant mass of the signal candidate and the best K0

L candidate, (c) the reconstructed invariant
mass of the signal candidate and the best K0

S candidate, (d) the difference of the reconstructed invariant
mass using two pions and using two pions together with the missing momentum, (e) the difference of
the impact parameter using two pions and using two pions together with the missing momentum and (f)
depicts the energy asymmetry of particles between the signal and non-signal hemisphere.
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Figure 15: Variable distributions used in the BDT. (a) shows the total number of reconstructed particles,
(b) the energy of all charged tracks, (c) the flight distance of the signal candidate, (d) signal + non-signal
side b-jet score, (e) signal + non-signal side b-jet score, (f) the reconstructed mass of the primary vertex
using tracks classified as primary tracks.
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Figure 16: Variable distributions used in the BDT. (a) shows the c-jet score of the signal hemisphere, (b)
the signal + non-signal g-jet score, (c) the number of secondary vertices, (d) the opening angles of the
pions used to reconstructed the signal candidate, (e) the angle between the signal candidate and the thrust
axis and (f) the number of leptons in the event.
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Figure 17: Variable distributions used in the BDT. (a) shows the number of charged tracks around the D0

candidate and (b) the number of reconstructed π0 candidates around the signal candidate.
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Figure 18: Correlation of variables used in the training of the BDT for the background.
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Figure 19: Correlation of variables used in the training of the BDT for the signal and PHSP theory
assumption.
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Figure 20: Correlation of variables used in the training of the BDT for the signal and Dp theory assumption.
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Figure 21: Correlation of variables used in the training of the BDT for the signal and HHchiPT_res theory
assumption.
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Figure 22: Correlation of variables used in the training of the BDT for the signal and HHchiPT theory
assumption.
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A.4 Separation and Variable Importance514
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Variable Separation Variable Importance
Total E 6.160× 10−1 1.222× 10−1

pmiss 5.975× 10−1 8.291× 10−2

Easym particles 3.191× 10−1 2.374× 10−2

m(π+π−K0
L) 1.876× 10−1 5.441× 10−2

IP(π+π−) - IP(π+π−pmiss) 1.656× 10−1 3.970× 10−2

m(π+π−)−m(π+π−pmiss) 1.377× 10−1 4.302× 10−2

scorecsignal 1.165× 10−1 3.324× 10−2

tracks around D0 1.147× 10−1 3.345× 10−2

mcorr 9.674× 10−2 4.089× 10−2

scorecall 8.833× 10−2 4.188× 10−2

m(π+π−K0
S) 7.938× 10−2 2.892× 10−2

E(π+π−) 7.720× 10−2 6.793× 10−2

π0 around D0 7.196× 10−2 2.165× 10−2

scoreball 6.855× 10−2 3.829× 10−2

scoregall 3.137× 10−2 1.897× 10−2

no. particles 3.096× 10−2 2.093× 10−2

n(π0) event 2.887× 10−2 1.940× 10−2

no. tracks in event 1.918× 10−2 1.862× 10−2

no. leptons in event 1.202× 10−2 1.052× 10−2

E(tracks) 1.166× 10−2 2.332× 10−2

∠(D0, thrust) 1.070× 10−2 3.694× 10−2

∠(π+, π−) 1.030× 10−2 5.479× 10−2

FD 7.985× 10−3 3.662× 10−2

m(PV) 7.127× 10−3 2.705× 10−2

no. sec. vertices 6.389× 10−3 1.184× 10−2

pion momentum imbalance 4.791× 10−3 2.750× 10−2

no. PV tracks 2.178× 10−3 2.124× 10−2

Table 5: BDT variables sorted by their separation power along with their corresponding variable impor-
tance for the PHSP theory ansatz.
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Variable Separation Variable Importance
Total E 6.678× 10−1 1.316× 10−1

pmiss 6.540× 10−1 7.499× 10−2

Easym particles 3.741× 10−1 2.339× 10−2

m(π+π−K0
L) 1.793× 10−1 4.088× 10−2

IP(π+π−) - IP(π+π−pmiss) 1.691× 10−1 4.088× 10−2

m(π+π−)−m(π+π−pmiss) 1.612× 10−1 4.640× 10−2

scorecsignal 1.359× 10−1 3.532× 10−2

tracks around D0 1.138× 10−1 3.334× 10−2

scorecall 9.900× 10−2 3.787× 10−2

scoreball 7.511× 10−2 3.637× 10−2

π0 around D0 7.152× 10−2 2.309× 10−2

m(π+π−K0
S) 6.899× 10−2 2.709× 10−2

E(π+π−) 5.348× 10−2 6.839× 10−2

mcorr 4.869× 10−2 4.617× 10−2

scoregall 3.529× 10−2 2.106× 10−2

no. particles 3.100× 10−2 2.015× 10−2

n(π0) event 2.907× 10−2 1.604× 10−2

no. tracks in event 1.921× 10−2 2.114× 10−2

∠(π+, π−) 1.669× 10−2 6.208× 10−2

no. leptons in event 1.457× 10−2 9.334× 10−3

FD 9.208× 10−3 4.468× 10−2

E(tracks) 7.643× 10−3 2.220× 10−2

m(PV) 7.142× 10−3 2.773× 10−2

∠(D0, thrust) 6.995× 10−3 3.346× 10−2

no. sec. vertices 6.567× 10−3 1.179× 10−2

pion momentum imbalance 6.017× 10−3 2.126× 10−2

no. PV tracks 2.196× 10−3 2.327× 10−2

Table 6: BDT variables sorted by their separation power along with their corresponding variable impor-
tance for the Dp theory ansatz.
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Variable Separation Variable Importance
Total E 6.321× 10−1 1.277× 10−1

pmiss 6.174× 10−1 8.228× 10−2

Easym particles 3.413× 10−1 2.493× 10−2

IP(π+π−) - IP(π+π−pmiss) 2.426× 10−1 4.591× 10−2

m(π+π−)−m(π+π−pmiss) 2.043× 10−1 3.834× 10−2

m(π+π−K0
L) 1.819× 10−1 4.059× 10−2

scorecsignal 1.279× 10−1 3.556× 10−2

tracks around D0 1.141× 10−1 3.259× 10−2

mcorr 1.139× 10−1 4.870× 10−2

scorecall 9.567× 10−2 3.798× 10−2

scoreball 8.592× 10−2 4.134× 10−2

π0 around D0 7.201× 10−2 2.135× 10−2

m(π+π−K0
S) 7.122× 10−2 2.961× 10−2

E(π+π−) 5.802× 10−2 6.685× 10−2

no. particles 3.115× 10−2 1.848× 10−2

n(π0) event 2.933× 10−2 1.770× 10−2

scoregall 2.722× 10−2 2.095× 10−2

no. tracks in event 1.923× 10−2 1.742× 10−2

∠(π+, π−) 1.615× 10−2 5.865× 10−2

no. leptons in event 1.294× 10−2 8.905× 10−3

FD 8.654× 10−3 4.008× 10−2

pion momentum imbalance 8.081× 10−3 2.225× 10−2

E(tracks) 7.843× 10−3 2.426× 10−2

m(PV) 7.489× 10−3 2.716× 10−2

∠(D0, thrust) 7.155× 10−3 3.678× 10−2

no. sec. vertices 6.429× 10−3 1.118× 10−2

no. PV tracks 2.264× 10−3 2.246× 10−2

Table 7: BDT variables sorted by their separation power along with their corresponding variable impor-
tance for the HHχPT_res theory ansatz.
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Variable Separation Variable Importance
Total E 6.324× 10−1 1.245× 10−1

pmiss 6.182× 10−1 8.635× 10−2

Easym particles 3.436× 10−1 2.399× 10−2

IP(π+π−) - IP(π+π−pmiss) 2.369× 10−1 4.302× 10−2

m(π+π−)−m(π+π−pmiss) 1.947× 10−1 3.799× 10−2

m(π+π−K0
L) 1.810× 10−1 4.641× 10−2

scorecsignal 1.221× 10−1 3.858× 10−2

tracks around D0 1.142× 10−1 3.320× 10−2

mcorr 9.919× 10−2 5.009× 10−2

scorecall 9.250× 10−2 3.978× 10−2

scoreball 8.567× 10−2 3.873× 10−2

π0 around D0 7.247× 10−2 2.357× 10−2

m(π+π−K0
S) 7.023× 10−2 2.804× 10−2

E(π+π−) 4.605× 10−2 6.150× 10−2

no. particles 3.115× 10−2 1.793× 10−2

n(π0) event 2.922× 10−2 2.102× 10−2

scoregall 2.453× 10−2 2.037× 10−2

no. tracks in event 1.936× 10−2 1.968× 10−2

∠(π+, π−) 1.675× 10−2 4.598× 10−2

no. leptons in event 1.310× 10−2 1.070× 10−2

FD 7.866× 10−3 4.175× 10−2

m(PV) 7.467× 10−3 2.931× 10−2

no. sec. vertices 6.381× 10−3 1.164× 10−2

∠(D0, thrust) 5.630× 10−3 3.948× 10−2

E(tracks) 5.551× 10−3 2.669× 10−2

no. PV tracks 2.257× 10−3 2.249× 10−2

pion momentum imbalance 2.126× 10−3 1.717× 10−2

Table 8: BDT variables sorted by their separation power along with their corresponding variable impor-
tance for the HHχPT theory ansatz.
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A.5 K0
S/L variables515
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Figure 23: Variables used to select K0
S and K0

L candidates originating from D0 → K0
S/Lπ

+π− decays, with
the red lines illustrating the chosen cut value. (a) and (b) show the invariant mass of the two charged and
neutral pions used to reconstruct K0

S candidates, with (c) and (d) showing the respective opening angles.
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Figure 24: Variables used to select K0
S and K0

L candidates originating from D0 → K0
S/Lπ

+π− decays, with
the red lines illustrating the chosen cut value. (a) and (b) depict the invariant diphoton mass and the
opening angle, used to select neutral pion candidates. (c) shows the angular distance between the K0

L

candidate and the computed momentum vector of the dineutrino system.
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B Supplemental Material Angular asymmetries in Λ+
c → pµ+µ−

516

decays517

This section shows the variables used in the reconstruction and selection of Λ+
c → pµ+µ− candidates. The518

signal and each background type are normalised separately so that their distributions integrate to one.519
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Z → dd̄
Z → τ+τ−

Λ+
c → pµ+µ−

(a)

0.0 0.5 1.0 1.5 2.0

score
u/d
all

10−3

0.01

0.1

1

10

n
or

m
.

yi
el

d
/

(0
.1

0)
Z pole, IDEAZ → cc̄

Z → bb̄
Z → ss̄
Z → uū
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Figure 25: Variable distributions used in the selection: (a) shows the likelihood that the two jets do not
originate from c-jets, (b) the likelihood of the jets being q-jets, (c) the likelihood of the jets being b-jets,
(d) the likelihood of the jets being s-jets, (e) the Flight Distance of the Λ+

c (f) the Impact Parameter of
the Λ+

c .
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Figure 26: Variable distributions used in the selection: (a) shows the Impact Parameter of the proton, (b)
the energy of the Λ+

c , (c) the mass of the Λ+
c (d) the χ2/ndof value of the Λ+

c vertex (e) the direction angle
of the Λ+

c , and (f) transverse momentum of the proton..
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Figure 27: Variable distributions used in the selection:s (a) shows the number of π0 around the Λ+
c

candidate, (b) the number of reconstructed particles and (c) the number of π0 in the event.

45


	Introduction
	Detector model and simulated data
	Search for D0 +-siunitxunit-deprecatedࡡ爠barbar decays
	Weighting of simulated signal candidates
	Candidate reconstruction
	Selection optimisation
	Sensitivity estimation

	Angular asymmetries in c+ p + - decays
	Candidate reconstruction and selection
	Sensitivity estimation

	Conclusion
	References
	Supplemental Material Search for D0 +-siunitxunit-deprecatedࡡ爠barbar decays
	Preselection variable distributions
	BDT variable distributions
	Correlation plots
	Separation and Variable Importance
	 variables

	Supplemental Material Angular asymmetries in c+ p + - decays

