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Abstract

The first measurement of the CP asymmetry of the decay rate (ACP ) and the CP
average (ΣAFB) and CP asymmetry (∆AFB) of the forward-backward asymmetry in
the muon system of Λ+

c → pµ+µ− decays is reported. The measurement is performed
using a data sample of proton-proton collisions, recorded by the LHCb experiment
from 2016 to 2018 at a center-of-mass energy of 13TeV, which corresponds to an
integrated luminosity of 5.4 fb−1. The asymmetries are measured in two regions of
dimuon mass near the ϕ-meson mass peak. The dimuon-mass integrated results are

ACP = (−1.1± 4.0± 0.5)%,

ΣAFB = ( 3.9± 4.0± 0.6)%,

∆AFB = ( 3.1± 4.0± 0.4)%,

where the first uncertainty is statistical and the second systematic. The results
are consistent with the conservation of CP symmetry and the Standard Model
expectations.
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Rare decays that are sensitive to transitions between c and u quarks in association
with the simultaneous emission of a pair of oppositely charged leptons (ℓ+ℓ−) offer the
opportunity to explore flavor-changing neutral-currents (FCNCs) in the up-type quark
sector. In the Standard Model (SM), FCNC transitions are only generated by loop-
level processes and suppressed by the Glashow–Iliopoulos–Maiani (GIM) mechanism [1].
In the charm system, the GIM mechanism leads to a particularly strong suppression
with respect to the down-type quark sector. Thus, studies of rare charm decays are
sensitive probes of beyond-Standard-Model phenomena and constitute a complementary
testing ground with respect to studies of rare beauty and strange hadron decays. New
particles and interactions extending the SM can lead to modifications of branching
fractions, modify angular distributions of final-state particles, or introduce additional
sources of charge-parity (CP ) asymmetry [2–15]. The LHCb collaboration has previously
succeeded in measuring branching fractions of rare charm meson decays at the level of
10−7 and recently published the first angular analysis and a search for CP violation in
rare decays of neutral D0 mesons [16–19]. However, measurements of rare baryonic charm
decays comprising two charged leptons in the final state remain far less explored in the
experimental landscape [20–22].

The decays of Λ+
c baryons to pµ+µ− final states1 proceed at short distances via

c → uℓ+ℓ− transitions, which in the SM lead to branching fractions below O(10−8) [23–27].
However, the total decay width is dominated by intermediate resonant contributions
of the form Λ+

c → pX(→ µ+µ−), where X can be a short-lived η, ρ0, ω or ϕ meson
that subsequently decays into two muons. These long-distance contributions increase
the branching fraction to O(10−6). Recently, the LHCb collaboration has published an
updated measurement of the branching fractions of Λ+

c → pµ+µ− decays in different
regions of the dimuon mass, m(µ+µ−) [22]. The measurement is performed relative to the
branching fraction in the m(µ+µ−) region around the known ϕ-meson mass [28], which
is the dominant contribution to the total decay rate. An upper limit on the branching
fraction B(Λ+

c → pµ+µ−) < 2.9 × 10−8 at 90% confidence level is set in regions of m(µ+µ−)
where the influence of intermediate resonances is minimal and sensitivity to beyond-SM
contributions is largest. Further separation of short and long-distance contributions can
be reached by studying angular distributions and CP asymmetries, which complement
searches for new phenomena in decays of D0 and D+ mesons because of the nonzero
spin of the Λ+

c baryons [25–27]. However, to date, no measurements of CP or angular
asymmetries in Λ+

c → pµ+µ− decays have been performed.
This letter presents the first measurement of the direct CP asymmetry, as well as the

CP average and CP asymmetry of the forward-backward asymmetry in the lepton system,
in Λ+

c → pµ+µ− decays. The analysis uses proton-proton (pp) collision data recorded by
the LHCb experiment at a center-of-mass energy of 13 TeV in the years 2016, 2017 and
2018, which correspond to an integrated luminosity of 5.4 fb−1. The analysis uses Λ+

c

baryons produced directly in the primary pp interaction and the same data as used in
Ref. [22]. However, the signal candidate selection is reoptimized for the measurement of
asymmetries. The CP asymmetry, ACP , is defined in terms of the difference of decay rates
for Λ+

c and Λ−
c decays to pµ+µ− and pµ+µ− final states as

ACP ≡ Γ(Λ+
c → pµ+µ−) − Γ(Λ−

c → pµ+µ−)

Γ(Λ+
c → pµ+µ−) + Γ(Λ−

c → pµ+µ−)
, (1)

1Charge-conjugate decays are implied throughout this letter unless stated otherwise.
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where Γ is the decay rate. The forward-backward asymmetry, AFB, is defined as

AFB ≡ Γ(cos θ > 0) − Γ(cos θ < 0)

Γ(cos θ > 0) + Γ(cos θ < 0)
, (2)

where θ is the angle between the direction of the positively charged lepton in the dimuon
rest frame and the flight direction of the dimuon system in the rest frame of the Λ+

c baryon.
In contrast, for Λ−

c baryons the angle is measured relative to the flight direction of the
negatively charged lepton. The forward-backward asymmetry is measured separately for

Λ+
c and Λ−

c baryons and referred to as AΛ+
c

FB and AΛ−
c

FB , respectively, which allows the CP
average, ΣACP

FB, and the CP asymmetry, ∆ACP
FB, to be defined as

ΣACP
FB ≡ 1/2 ·

[
AΛ+

c
FB + AΛ−

c
FB

]
,

∆ACP
FB ≡ 1/2 ·

[
AΛ+

c
FB − AΛ−

c
FB

]
.

(3)

These observables further enhance the sensitivity of the measurement to the real and
imaginary parts of beyond-SM couplings [26].

Given the current experimental sensitivity, the asymmetries measured in this letter
are null tests of the SM. Interference effects between SM resonant and beyond-SM
amplitudes can produce asymmetries as large as O(%) [25], referred to as resonance
enhanced asymmetries. The measurement is performed in the m(µ+µ−) region which is
dominated by the intermediate ϕ meson, where the signal yield is sufficiently high to
measure CP and angular asymmetries. To be sensitive to variations of the asymmetries
over the phase space, the observables are determined in two regions, which are defined
symmetrically below and above the known mass of the ϕ meson [28].

The LHCb detector [29,30] is a single-arm forward spectrometer designed for the study
of particles containing b or c quarks. It includes a high-precision tracking system consisting
of a silicon-strip vertex detector surrounding the pp interaction region, a large-area silicon-
strip detector located upstream of a dipole magnet with a bending power of about 4 T m,
and three stations of silicon-strip detectors and straw drift tubes placed downstream of the
magnet. The polarity of the magnetic field is reversed periodically throughout the data-
taking. Particle identification is provided by two ring-imaging Cherenkov detectors, an
electromagnetic and a hadronic calorimeter, and a muon system composed of alternating
layers of iron and multiwire proportional chambers. Events are selected online by a trigger
that consists of a hardware stage, which is based on information from the calorimeter and
muon systems, followed by a software stage which performs a full event reconstruction [31].
Simulation is required to model the effects of the detector acceptance, the imposed
selection requirements and to describe the signal and backgrounds. In the simulation,
pp collisions are generated using Pythia [32] with a specific LHCb configuration [33].
Decays of unstable particles are described by EvtGen [34], in which final-state radiation
is generated using Photos [35]. The interaction of the generated particles with the
detector, and its response, are implemented using the Geant4 toolkit [36] as described in
Ref. [37]. The underlying pp interaction is reused multiple times, with an independently
generated signal decay for each [38].

The hardware trigger requires the presence of a muon with large transverse momentum,
pT, which is compatible with one of the two muons of the signal candidate. Furthermore,
candidates where a positive trigger decision is caused by the presence of muons with high
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pT, or a hadron, photon or electron with high transverse energy in the calorimeters due to
other particles produced in the pp collision, are also considered. The subsequent software
trigger selects in a first stage events where a pair of tracks satisfies a multivariate classifier
based on geometric and kinematic criteria that identifies candidates consistent with the
displaced decay of a charm hadron, or alternatively events with a reconstructed dimuon
vertex which is displaced from any primary vertex (PV). In the second software-trigger
stage, candidate Λ+

c baryons are constructed by combining three charged tracks that form
a good-quality secondary vertex. Each of the tracks is required to be inconsistent with
originating from a PV, to satisfy pT > 0.3 GeV/c and to have a minimum momentum p of
3 GeV/c. The scalar sum of the pT of the three tracks has to exceed 0.5 GeV/c. The Λ+

c

candidate must have a decay vertex significantly separated from any PV, and compatible
with originating from one of the PVs. Therefore, only Λ+

c candidates with a reconstructed
momentum vector that aligns with the vector connecting the secondary and primary
vertices are further considered.

Additional selection criteria are applied offline. The reconstructed mass of the Λ+
c

candidates, m(pµ+µ−), is limited to the range [2147, 2486] MeV/c2. Stringent particle
identification criteria are placed on the particles identified as protons to suppress back-
ground from misidentified D+ → π+µ+µ− decays, where the pion is wrongly identified
as a proton. The selection is further optimized to reduce the contributions of two major
sources of background. The first comprises random associations of unrelated tracks that
coincidentally fulfill the selection criteria. To reduce this combinatorial background, a mul-
tivariate selection based on a boosted decision tree (BDT) classifier [39,40] as implemented
in the TMVA toolkit [41] is employed. The BDT classifier is trained using simulated
candidates as proxies for the signal, and data candidates with m(pµ+µ−) < 2256.5 MeV/c2

or m(pµ+µ−) > 2321.5 MeV/c2 for the background. The AdaBoost algorithm [42] is used
when training the BDT classifier in ten disjoint training subsamples, which is subsequently
applied using a k-fold cross-validation [43]. The choice of features that are used in the
training has been based on the selection described in Ref. [22] and comprises kinematic
and topological features of the Λ+

c candidates, as well as features related to the isolation
of the signal candidates with respect to other tracks in the event. The variables are chosen
to minimize the correlation with the Λ+

c mass to avoid artificial sculpting of the mass
spectrum of Λ+

c candidates.
The second major background arises from hadronic Λ+

c baryon decays to pπ+π− final
states, where two oppositely charged pions are identified as muons. Despite the low pion
to muon misidentification probability [44], the large branching fraction of Λ+

c → pπ+π−

decays [28] causes a peaking background. This is further suppressed by a multivariate
muon-identification discriminant that combines the information from the Cherenkov
detectors, the calorimeters and the muon chambers.

The threshold on the muon-identification discriminant is simultaneously optimized
with the requirement on the BDT classifier output by minimizing the uncertainty on the
asymmetries. This is achieved by randomly splitting the data samples into two halves,
simulating a vanishing asymmetry in the samples as expected in null-test measurements.

If after the full selection an event contains more than one Λ+
c candidate, only one is

randomly selected. This requirement removes less than one percent of candidates. To
avoid potential biases on the measured quantities, all asymmetries were shifted by a
random offset and only examined after the analysis procedure had been finalized.

The reconstruction and selection requirements result in efficiency losses that correlate
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with the decay kinematics and vary as a function of m(µ+µ−) and cos θ. A correction
for relative efficiency variations across the phase space is applied using simulated sam-
ples to ensure an unbiased determination of the measured asymmetries. The simulation
samples are corrected for known differences with respect to data in particle identifica-
tion response [44]. A two-dimensional correction map is employed to assign weights to
each candidate that account for relative efficiency variations and can be found in the
supplemental material [45].

To determine ACP , the so-called raw asymmetry, Araw, is measured, which also receives
contributions from nuisance asymmetries of approximately 4%. These asymmetries are
caused by the different production cross-sections of Λ+

c and Λ−
c baryons, quantified as

the production asymmetry, Aprod(Λ+
c ), and a nonequal detection efficiency of protons and

antiprotons which leads to a detection asymmetry, Adet(p). The detection asymmetry from
the pair of oppositely charged muons is estimated to be negligible. For small asymmetries,
the raw asymmetry can be approximated as

Araw(Λ+
c → pµ+µ−) ≡ N(Λ+

c → pµ+µ−) −N(Λ−
c → pµ+µ−)

N(Λ+
c → pµ+µ−) + N(Λ−

c → pµ+µ−)

≈ ACP (Λ+
c → pµ+µ−) + Aprod(Λ+

c ) + Adet(p)

(4)

The CP asymmetry is obtained by subtracting the raw asymmetry measured in a control
data sample of Λ+

c → pK0
S decays, where effects of CP violation are assumed to be

negligible and which is subject to the same nuisance asymmetries, as

ACP (Λ+
c → pµ+µ−) = Araw(Λ+

c → pµ+µ−) − Araw(Λ+
c → pK0

S). (5)

Since Adet(p) and Aprod(Λ+
c ) depend on the kinematics of the p and Λ+

c particles, a
weighting scheme is developed to match the final-state kinematics of the control mode to
that of the signal mode using a BDT algorithm with gradient boosting [39–41].

To measure the asymmetries, the data are split in four disjoint subsamples, which are
defined by the flavor of the Λ+

c baryon and the sign of cos θ. The measurement is performed
separately in the two m(µ+µ−) regions ϕlow and ϕhigh, defined as [979.46, 1019.46] MeV/c2

and [1019.46, 1059.46] MeV/c2. In the following, these dimuon-mass regions refer to ranges
in the reconstructed dimuon mass, without correcting for effects due to a finite experimental
mass resolution of approximately 8 MeV/c2 [45]. Figure 1 shows the background-subtracted
dimuon-mass spectrum of Λ+

c → pµ+µ− candidates using a sideband subtraction, with
the boundary between the two m(µ+µ−) ranges also indicated.

The asymmetries are then determined through unbinned extended maximum-likelihood
fits to the weighted m(pµ+µ−) distribution of selected candidates, where the weights
correct for the phase-space-dependent efficiency variations. The asymmetries and yields
are determined from simultaneous fits, in which they are treated as free parameters. The
total fit function consists of three components: the Λ+

c → pµ+µ− signal, combinatorial
background and background from misidentified Λ+

c → pπ+π− decays. The signal com-
ponent is described by the sum of a Johnson SU function [46] and a Gaussian function,
to account for asymmetric tails of the distribution. The parameters of the model are
determined by a fit to simulated candidates which are selected with the same requirements
as the data candidates. The peak position of the distribution is allowed to vary in the fit
to the data separately for the two dimuon-mass regions and baryon flavors. The mass
shape of the combinatorial background is parameterized using a fourth-order Chebyshev
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Figure 1: Background-subtracted distribution of dimuon mass for Λ+
c → pµ+µ− candidates.

The red line indicates the known mass of the ϕ meson, which marks the boundary between the
two considered dimuon-mass regions. Weights are assigned to correct for efficiency variations as
described in the main text.

Table 1: Yields after correcting for relative efficiency variations and measured asymmetries for
Λ+
c → pµ+µ− decays in the two dimuon-mass regions. For the asymmetries the first uncertainty

is statistical and the second systematic.

Efficiency-weighted yields Asymmetries

m(µ+µ−) Signal Misid. back. Comb. back. ACP [%] AΛ+
c

FB [%] AΛ−
c

FB [%]

ϕlow 346± 22 57± 21 437± 26 −0.8± 6.2± 0.6 11.7± 8.5± 1.1 2.2± 8.7± 1.4
ϕhigh 435± 22 35± 17 390± 25 −1.4± 5.3± 0.6 3.5± 7.2± 0.9 −0.3± 7.4± 1.1

polynomial with parameters determined by a fit to a control data sample, where all three
final-state particles carry the same electric charge. These candidates are entirely made of
random combinations of tracks and used as a proxy for the combinatorial background. The
misidentified Λ+

c → pπ+π− background is also described by a Johnson SU function [46]
whose parameters are determined using simulated candidates of Λ+

c → pπ+π− decays
assigning the muon mass hypothesis to both pions. Due to limited simulation sample
sizes, not all selection criteria can be applied and the requirement on muon particle
identification is applied to only one of the two pions. The CP and forward-backward
asymmetries of misidentified background are determined using high-yield data control
samples of Λ+

c → pπ+π− decays and are fixed in the baseline fit that is used to mea-
sure the asymmetries. Assumptions in the background modeling give rise to systematic
uncertainties which are described later in this letter.

In the fit, the free parameters are the yields of each fit component, the asymmetries
of signal and combinatorial background, and the signal peak position. The fits are
performed separately in the two dimuon-mass regions. The fits are validated to return
unbiased estimates of the asymmetries and their uncertainties using large samples of
pseudoexperiments. The resulting signal and background yields, as well as the asymmetries

ACP , AΛ+
c

FB and AΛ−
c

FB are listed in Table 1. The mass spectrum of selected Λ+
c → pµ+µ−

candidates is shown in Fig. 2, together with the fit projection.
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Figure 2: Distribution of m(pµ+µ−) for efficiency-weighted candidates, together with the fit
projection.

The dominant systematic uncertainties affect all asymmetries and arise from lim-
ited knowledge of the models used in the mass fits and possible imperfections in the
correction for phase-space-dependent efficiency variations. To evaluate the systematic
uncertainty related to the fit model, pseudoexperiments are performed, where alternative
parametrizations of the signal and background components are tested against the baseline
fit model. For the signal component, a Crystal Ball function [47] and a Gaussian function
are chosen as alternatives. In addition, the requirements used to select the control sample
to determine the shape of the combinatorial background are varied, and an alternative
shape is obtained from a fit, where the shape parameters are left free to vary when
fitting Λ+

c → pµ+µ− signal candidates. To address the inability to apply the signal muon
particle-identification requirements on the simulated Λ+

c → pπ+π− decays, an alternative
shape is determined on a sample where muon particle identification requirements are not
applied. The asymmetries of the misidentified background component, which are fixed in
the baseline fit, are determined in control samples with modified selection requirements
and varied within the observed deviations from the baseline values. The studies are
performed separately for both dimuon-mass regions. For all tested alternatives, the mean
bias with respect to the baseline model is determined for the measured asymmetries, and
the largest observed bias over the set of shape variations in each dimuon-mass region is
taken as the corresponding systematic uncertainty.

Systematic uncertainties related to the correction for efficiency variations are evaluated
by creating alternative correction maps targeting aspects of the selection which might be
subject to residual differences in simulation and data. The alternative maps are obtained
by applying weights to the simulated candidates to match the number of reconstructed
tracks and the BDT output distribution observed in data, and by placing requirements
on particle identification for the final-state particles neglecting the corrections that are
applied in the baseline analysis. Using the alternative correction maps, the measurement
is repeated on resampled data sets which are obtained by bootstrapping the original
sample [48]. The root mean square among the variations of the results that are observed
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Table 2: CP average and asymmetry of the forward-backward asymmetry for Λ+
c → pµ+µ−

decays in the dimuon-mass regions. The first uncertainty is statistical and the second systematic.

m(µ+µ−) ΣAFB [%] ∆AFB [%]

ϕlow 6.9± 6.1± 1.0 4.8± 6.1± 0.8
ϕhigh 1.6± 5.2± 0.8 1.9± 5.2± 0.6

with the alternative maps is taken as the systematic uncertainty. The uncertainty related
to the limited simulation sample size is also propagated and considered as systematic
uncertainty on the measured asymmetries.

Additionally, the following three sources of systematic uncertainty are only relevant
for the measurement of ACP . The first source arises from the instrumental asymmetry
correction due to limitations of the kinematic equalization procedure. A systematic
uncertainty is assigned by evaluating the effect of residual discrepancies of the kinematic
distributions of signal and control mode candidates after the weighting. The root mean
square among the variations of the results obtained after a second one-dimensional
weighting of the Λ+

c and proton kinematic distributions is taken as a systematic uncertainty.
The second source arises from the combined effects of CP violation and mixing in the
neutral kaon system and the different interaction probabilities of K0 and K0 particles
with the detector material [49, 50] and a systematic uncertainty is evaluated following the
method described in Refs. [51,52]. Finally, the fraction of Λ+

c baryons arising from decays
of b-flavored hadrons is determined for signal and control mode candidates by studying
the distribution of the impact parameter, which is defined as the minimum distance of
the Λ+

c trajectory to the PV. The difference of these fractions for signal and control mode
candidates, together with the difference in asymmetries for Λ+

c baryons produced in the
primary interaction and from b-hadron decays, are translated into a systematic uncertainty
related to an imperfect cancellation of production asymmetries.

The finite angular resolution of the LHCb detector is relevant for the measurement of
the forward-backward asymmetry, and a systematic uncertainty is assigned by estimating
the fraction of candidates where the sign of cos θ changes due to the finite detector
resolution in simulations.

A summary of the systematic uncertainties, together with the correlations of the
measured asymmetries due to the systematic uncertainties, can be found in the supple-
mental material of this letter [45]. The size of the systematic uncertainty depends on the
considered asymmetry and dimuon-mass region but typically constitutes between 10%
and 15% of the corresponding statistical uncertainty.

The analysis is repeated on statistically independent data subsets to check for biases
from specific instrumental effects. The criteria to split the subsets include the number
of PVs and reconstructed tracks in the event, the data-taking year, the magnetic-field
orientation, the trigger classification, the Λ+

c baryon transverse momentum and the impact
parameter significance of the Λ+

c candidate with respect to the PV, which is defined as the
difference in the vertex-fit χ2 of a given PV, reconstructed with and without considering
the candidate. The resulting variations of the measured asymmetries are consistent with
statistical fluctuations.

Using Eq. 3 and considering correlations between the systematic uncertainties [45],
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Figure 3: Measured signal asymmetries in the regions of dimuon mass (black points) and their
dimuon-mass-integrated value with its uncertainty (blue). The shown uncertainty comprises
both the statistical and systematic uncertainty.

∆AFB and ΣAFB are computed from the measured asymmetries listed in Table 1 and the
results can be found in Table 2. Correlations between the statistical uncertainties of the
measured asymmetries are negligible. Furthermore, the dimuon-mass integrated values
are determined, following the procedure described in Ref. [53], and found to be:

ACP = (−1.1 ± 4.0 ± 0.5)%,

ΣAFB = ( 3.9 ± 4.0 ± 0.6)%,

∆AFB = ( 3.1 ± 4.0 ± 0.4)%,

where the first uncertainty is statistical and the second systematic. All results are also
shown in Fig. 3 and are consistent with zero, confirming the SM expectation.

In summary, a search for resonance-enhanced angular and CP asymmetries in
Λ+

c → pµ+µ− decays in two m(µ+µ−) regions near the ϕ-meson mass is presented. The
results are based on the analysis of pp collision data recorded by the LHCb experiment in
the years 2016, 2017 and 2018 at a center-of-mass energy of 13 TeV, which correspond
to an integrated luminosity of 5.4 fb−1. The asymmetries are measured in two regions
of dimuon mass to enhance the sensitivity to beyond-SM effects. The results confirm
the SM prediction and will help to constrain the parameter space of models extending
the SM [25, 26]. Future data sets recorded by the upgraded LHCb detector [54] with
significantly increased yields will allow the statistical uncertainties to be further reduced,
and the measurement to be extended to additional dimuon-mass regions.
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[5] L. Cappiello, O. Catà, and G. D’Ambrosio, Standard model prediction and new
physics tests for D0 → h+

1 h
−
2 ℓ

+ℓ− (h = π,K; ℓ = e, µ), JHEP 04 (2013) 135,
arXiv:1209.4235.

[6] A. Paul, A. de la Puente, and I. I. Bigi, Manifestations of warped extra di-
mension in rare charm decays and asymmetries, Phys. Rev. D90 (2014) 014035,
arXiv:1212.4849.

[7] S. Fajfer and N. Košnik, Prospects of discovering new physics in rare charm decays,
Eur. Phys. J. C75 (2015) 567, arXiv:1510.00965.

9

https://doi.org/10.1103/PhysRevD.2.1285
https://doi.org/10.1103/PhysRevD.73.054026
http://arxiv.org/abs/hep-ph/0511048
https://doi.org/10.1007/JHEP03(2012)021
http://arxiv.org/abs/1110.2862
https://doi.org/10.1103/PhysRevD.87.054026
https://doi.org/10.1103/PhysRevD.87.054026
http://arxiv.org/abs/1208.0759
https://doi.org/10.1007/JHEP04(2013)135
http://arxiv.org/abs/1209.4235
https://doi.org/10.1103/PhysRevD.90.014035
http://arxiv.org/abs/1212.4849
https://doi.org/10.1140/epjc/s10052-015-3801-2
http://arxiv.org/abs/1510.00965


[8] S. de Boer and G. Hiller, Flavour and new physics opportunities with rare charm
decays into leptons, Phys. Rev. D93 (2016) 074001, arXiv:1510.00311.

[9] S. De Boer and G. Hiller, Null tests from angular distributions in D → P1P2l
+l−,

l = e, µ decays on and off peak, Phys. Rev. D98 (2018) 035041, arXiv:1805.08516.

[10] R. Bause, M. Golz, G. Hiller, and A. Tayduganov, The new physics reach of null
tests with D → πℓℓ and Ds → Kℓℓ decays, Eur. Phys. J. C80 (2020) 65, Erratum
ibid. C81 (2021) 219, arXiv:1909.11108.

[11] R. Bause, H. Gisbert, M. Golz, and G. Hiller, Exploiting CP -asymmetries in rare
charm decays, Phys. Rev. D101 (2020) 115006, arXiv:2004.01206.

[12] H. Gisbert, M. Golz, and D. S. Mitzel, Theoretical and experimental status of rare
charm decays, Mod. Phys. Lett. A36 (2021) 2130002, arXiv:2011.09478.
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Supplemental material for the Letter “Search for
resonance-enhanced CP and angular asymmetries in
the Λ+

c → pµ+µ− decay at LHCb”

The two-dimensional efficiency map used to correct for the relative phase-space-dependent
efficiency variations is shown in Fig. S1. Figure S2 shows the dimuon-mass resolution
as obtained from simulated samples. The summary of the systematic uncertainties on
the measured signal asymmetries can be found in Table S1. The correlation matrix for
the systematic uncertainties between the measured signal asymmetries can be found in
Table S2. The measurements are assumed to be statistically independent.
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Figure S1: Two-dimensional efficiency map to correct for relative phase-space-dependent efficiency
variations of selected Λ+

c → pµ+µ− candidates.
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Figure S2: Dimuon-mass resolution of simulated Λ+
c → pµ+µ− candidates.

Table S1: Summary of the individual contributions to the systematic uncertainties on the
observables, as well as the total systematic uncertainties. Dashes indicate sources which are
inapplicable for the respective observable.

Systematic uncertainty σA [10−2]

ACP ϕlow
AΛ+

c
FBϕlow

AΛ−
c

FBϕlow
ACP ϕhigh

AΛ+
c

FBϕhigh
AΛ−

c
FBϕhigh

Mass model 0.4 0.5 0.8 0.3 0.5 0.8
Efficiency correction 0.2 0.8 0.9 0.3 0.4 0.5

Simulation sample size 0.1 0.6 0.7 0.1 0.6 0.6
Kinematic weighting 0.2 − − 0.2 − −

Neutral kaon asymmetry < 0.1 − − < 0.1 − −
Λ+

c baryons from b hadrons 0.3 − − 0.3 − −
Angular resolution − < 0.1 < 0.1 − < 0.1 < 0.1

Total systematic uncertainty 0.6 1.1 1.4 0.6 0.9 1.1

Table S2: Correlation matrix for the total systematic uncertainties.

ACP ϕlow
ACP ϕhigh

AΛ+
c

FBϕlow
AΛ−

c
FBϕlow

AΛ+
c

FBϕhigh
AΛ−

c
FBϕhigh

ACP ϕlow
1 0.43 0 0 0 0

ACP ϕhigh
1 0 0 0 0

AΛ+
c

FBϕlow
1 0.28 0 0

AΛ−
c

FBϕlow
1 0 0

AΛ+
c

FBϕhigh
1 0.34

AΛ−
c

FBϕhigh
1
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J.H. Lopes3 , A. Lopez Huertas46 , S. López Soliño47 , Q. Lu15 , C. Lucarelli27 ,
D. Lucchesi33,p , M. Lucio Martinez80 , V. Lukashenko38,53 , Y. Luo6 , A. Lupato33,i ,
E. Luppi26,l , K. Lynch23 , X.-R. Lyu7 , G. M. Ma4,b , S. Maccolini19 ,
F. Machefert14 , F. Maciuc43 , B. Mack69 , I. Mackay64 , L. M. Mackey69 ,
L.R. Madhan Mohan56 , M. J. Madurai54 , A. Maevskiy44 , D. Magdalinski38 ,
D. Maisuzenko44 , J.J. Malczewski41 , S. Malde64 , L. Malentacca49 , A. Malinin44 ,
T. Maltsev44 , G. Manca32,k , G. Mancinelli13 , C. Mancuso30 , R. Manera Escalero46 ,
F. M. Manganella37 , D. Manuzzi25 , D. Marangotto30,n , J.F. Marchand10 ,
R. Marchevski50 , U. Marconi25 , E. Mariani16 , S. Mariani49 , C. Marin Benito46 ,
J. Marks22 , A.M. Marshall55 , L. Martel64 , G. Martelli34,q , G. Martellotti36 ,
L. Martinazzoli49 , M. Martinelli31,o , D. Martinez Gomez79 , D. Martinez Santos82 ,
F. Martinez Vidal48 , A. Martorell i Granollers45 , A. Massafferri2 , R. Matev49 ,
A. Mathad49 , V. Matiunin44 , C. Matteuzzi69 , K.R. Mattioli15 , A. Mauri62 ,
E. Maurice15 , J. Mauricio46 , P. Mayencourt50 , J. Mazorra de Cos48 , M. Mazurek42 ,
M. McCann62 , T.H. McGrath63 , N.T. McHugh60 , A. McNab63 , R. McNulty23 ,
B. Meadows66 , G. Meier19 , D. Melnychuk42 , F. M. Meng4,b , M. Merk38,80 ,
A. Merli50 , L. Meyer Garcia67 , D. Miao5,7 , H. Miao7 , M. Mikhasenko76 ,
D.A. Milanes75,x , A. Minotti31,o , E. Minucci28 , T. Miralles11 , B. Mitreska19 ,
D.S. Mitzel19 , A. Modak58 , L. Moeser19 , R.A. Mohammed64 , R.D. Moise17 ,
S. Mokhnenko44 , E. F. Molina Cardenas85 , T. Mombächer49 , M. Monk57,1 ,
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11Université Clermont Auvergne, CNRS/IN2P3, LPC, Clermont-Ferrand, France
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