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Hadronic weak decays of baryons provide an excellent platform for studying baryon
decay dynamics and the origin of the asymmetry between matter and antimatter [1–3].
Among them, the decay of a spin-half baryon to a spin-half baryon and a pseudoscalar
meson is of special interest. For this type of decay, three decay parameters, first proposed
by Lee and Yang to search for parity violation [4], can be defined as

α ≡ 2ℜ(s∗p)

|s|2 + |p|2
, β ≡ 2ℑ(s∗p)

|s|2 + |p|2
, γ ≡ |s|2 − |p|2

|s|2 + |p|2
, (1)

satisfying α2 + β2 + γ2 = 1, where s and p denote the parity-violating S-wave and
parity-conserving P-wave amplitudes, respectively. The interference between the two
amplitudes may generate differences between the differential decay rates of baryons and
antibaryons, allowing CP -violation phenomena to be probed via angular analyses [5]. The
amount of CP violation can be quantified by the asymmetries Aα = (α + ᾱ)/(α− ᾱ) and
Rβ = (β + β̄)/(α− ᾱ), where ᾱ and β̄ denote the decay parameters of the antibaryons,
and should have signs opposite to their baryonic counterparts. At leading order, these CP
asymmetries are related to the weak and strong phase differences between the S- and P-wave
amplitudes, ∆ϕ and ∆δ, via the relations Aα = − tan ∆δ tan ∆ϕ and Rβ = tan ∆ϕ [1].

Many phenomenological models have been used to calculate baryon decay parameters.
For some two-body beauty-baryon decays, factorization is assumed to hold in model
calculations [6–15], which predict that α ≈ −1, consistent with the V − A nature of the
weak current and maximal parity violation. For charm-baryon decays, model calculations
are complicated by the presence of nonfactorizable contributions and often do not agree
with each other [16–27]. For strange-baryon decays, nonfactorizable contributions may
dominate, making theoretical calculations even more challenging [1].

Decay parameters have been measured for several hyperon and charm-baryon de-
cays [28], while beauty decays are much less explored. The α parameter of the Λ→ pπ−

decay was recently updated by the BESIII [29,30] and CLAS [31] collaborations, which
resulted in a significantly larger value compared to the previous world average [32]. The α
parameters of several Λ+

c decays were precisely measured by the FOCUS [33], BESIII [34]
and Belle [35] collaborations, while the precision of the β and γ measurements is still very
limited [34,36]. To date, there is no decay parameter measurement for any Λ0

b decay to a
baryon and a pseudoscalar meson, despite the observation of many such decay modes. The
decay parameter of the Λ0

b → J/ψΛ decay was measured in proton-proton (pp) collisions
at the LHC [37–40], together with the Λ0

b polarization, which is found to be consistent
with zero. Moreover, the photon polarization of the Λ0

b → Λγ decay was measured by
LHCb [41], suggesting the dominance of left-handed photons.

In this Letter, the decay parameters and CP asymmetries of Λ0
b → Λ+

c π
− and

Λ0
b → Λ+

c K
− decays are measured through an angular analysis. Three Λ+

c decays are
analyzed: Λ+

c → pK0
S, Λ+

c → Λπ+ and Λ+
c → ΛK+ with the subsequent decays Λ→ pπ−

and K0
S → π+π−. The decay parameters and associated CP asymmetries of the Λ0

b ,
Λ+

c and Λ decays are determined simultaneously. The analysis is performed using data
from pp collisions at center-of-mass energies of

√
s = 7, 8 and 13 TeV, corresponding

to an integrated luminosity of 9 fb−1 collected with the LHCb detector. Inclusion of
charge-conjugate processes is implied, unless otherwise stated.

The LHCb detector, designed for the study of particles containing b or c quarks, is a
single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [42, 43]. The online event selection for Λ0

b decays is performed by a
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trigger [44], which consists of a hardware stage followed by a software stage [45–48]. The
hardware trigger requires a muon with high transverse momentum or a hadron, photon or
electron with high transverse energy in the calorimeters. The software trigger requires
a two-, three- or four-track secondary vertex with a significant displacement from any
primary vertex (PV).

Simulated samples of Λ0
b decays are produced to optimize event selection, study

potential backgrounds and model the detector acceptance. These samples are generated
using the software described in Refs. [49–54]. The products of each decay in the Λ0

b

cascades are distributed uniformly in the allowed phase space.
In the offline selection, all tracks in the final state are required to have a large transverse

momentum and be inconsistent with being directly produced from any PV. The Λ and
K0

S candidates are reconstructed using Λ → pπ− and K0
S → π−π+ decays, where the

final-state tracks are required to form a vertex with a good fit quality that is significantly
displaced from any PV, and their invariant mass is consistent with the known value [28].
The Λ (K0

S) candidate is combined with a kaon/pion (proton) track to form the Λ+
c

candidate. The Λ+
c invariant mass is required to be within ±26 (20) MeV/c2 of the known

value [28] for the Λ+
c → pK0

S and Λ+
c → Λπ+ (Λ+

c → ΛK+) decays. The smaller mass
region for the Λ+

c → ΛK+ decay is used to suppress the Λ+
c → Σ0(→ Λγ)π+ background,

where the photon is not reconstructed. The Λ0
b candidate is formed by combining a Λ+

c

candidate with a kaon or pion. The Λ0
b invariant mass, m(Λ+

c h
−), is required to be larger

than 5500 MeV/c2 to reject background due to partially reconstructed Λ0
b decays.

Two types of background peaking in the signal mass region are identified. For the first
type, D0 or J/ψ mesons are observed in the invariant-mass distributions of the two charged
companion tracks of Λ0

b and Λ+
c decays. The second type involves a genuine K0

S (Λ) decay
reconstructed as the Λ (K0

S) decay. These background candidates are suppressed using
information from particle identification (PID) detectors or rejected by specific vetoes in the
corresponding mass spectra. A boosted decision tree (BDT) classifier implemented in the
TMVA toolkit [55] is then used to separate the Λ0

b signal from the background of random
combinations of final-state particles. The BDT analysis is performed independently for
Λ+

c → pK0
S and Λ+

c → Λh+ decays. Each BDT classifier is trained on simulated signal
decays and background from data in the high-mass region m(Λ+

c h
−) > 5900 MeV/c2, using

a combination of kinematic, topological and isolation variables of the Λ0
b , Λ

+
c , Λ or K0

S

hadrons. In the final stage of the event selection, a simultaneous optimization of the
final-state PID and BDT classifier requirements is performed to maximize the figure of
merit, N2

S/(NS +NB)3/2, chosen to favour a high signal purity with small decay-parameter
uncertainties. Here, NS and NB represent the signal and background yields in the signal
region chosen to be ±32 MeV/c2 around the known Λ0

b mass [28], estimated with simulated
signal decays and data in the high-mass region. The Λ0

b invariant mass is calculated with
a kinematic fit [56] constraining the masses of all intermediate particles to their known
values and the Λ0

b momentum to point back to its best-matched PV.
The invariant-mass distributions of the five significant Λ0

b cascade decays to (pK0
S)π−,

(pK0
S)K−, (Λπ+)π−, (Λπ+)K− and (ΛK+)π− final states, where Λ+

c decay products are
shown in brackets, are shown in Fig. 1 for candidates passing all selection criteria. The
signal yields of the five decays are determined to be (8.635±0.032)×104, (4.16±0.07)×103,
(2.475 ± 0.017) × 104, (1.19 ± 0.04) × 103 and (1.010 ± 0.034) × 103, respectively, from
unbinned maximum-likelihood fits performed to the Λ0

b mass distributions. The signal
component is described by a Hypatia function [57] and the combinatorial background by
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Figure 1: The invariant-mass distributions of Λ0
b candidates reconstructed in the (top left)

Λ0
b → Λ+

c (→ pK0
S)π

−, (top right) Λ0
b → Λ+

c (→ pK0
S)K

−, (middle left) Λ0
b → Λ+

c (→ Λπ+)π−,
(middle right) Λ0

b → Λ+
c (→ Λπ+)K− and (bottom) Λ0

b → Λ+
c (→ ΛK+)π− decays, with the fit

results drawn.

an exponential function. The Λ0
b → Λ+

c K
− decay misidentified as Λ0

b → Λ+
c π

− decay, or
vice versa, is also modelled by a Hypatia function, whose parameters are fixed to those
obtained from the simulated samples. The relative yields of these cross-feed contributions
are constrained using relative experimental efficiencies. For every decay mode, the fit
result is used to determine the sPlot weight for each candidate [58], applied to subtract
the background for the subsequent angular analysis.

The decay parameters are determined by analyzing the angular distributions of
the Λ0

b cascade decays. The angular variables are calculated with the Λ0
b invariant

mass constrained to the known value [28]. The kinematics of the three-step cas-
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Figure 2: Definition of the helicity angles for Λ0
b → (Λ+

c → Λh+1 )h
−
2 and Λ0

b → (Λ+
c → pK0

S)h
−

decays, where h+1 , h
−
2 denote the kaon or pion.

cade Λ0
b → Λ+

c (→ Λ(→ pπ−)h+1 )h−2 decays are fully described by five angular variables

Ω⃗ ≡ (θ0, θ1, ϕ1, θ2, ϕ2), depicted in Fig. 2. The variable θ0 is the polar angle between the

normal P⃗z of the production plane formed by the beam and Λ0
b momenta in the laboratory

frame, and the Λ+
c momentum p⃗Λ+

c
in the Λ0

b rest frame. The variable θ1 (θ2) is the polar
angle between p⃗Λ+

c
(p⃗p) and p⃗Λ, where particle momenta are defined in the rest frames of

the Λ0
b (Λ) and Λ+

c baryons, respectively. The variable ϕ1 (ϕ2) is the angle between the
Λ0

b (Λ) decay plane and the Λ+
c decay plane, spanned by the momenta of their respective

decay products. Similarly, for the two-step cascade decays, Λ0
b → Λ+

c (→ pK0
S)h−2 , the

kinematics are described by three angular variables Ω⃗ ≡ (θ0, θ1, ϕ1), which are the same
as the first three variables of the three-step cascade.

The angular distributions can be expanded through the helicity formalism [59]. Based
on previous studies at the LHC [37–40], the Λ0

b baryon is considered to be unpolarized,
in which case the angular distributions become uniform in θ0 and ϕ1. The impact of Λ0

b

polarization is considered as a source of systematic uncertainty. The reduced angular
distributions are thus expressed as

d3Γ

d cos θ1d cos θ2dϕ2

∝ (1 + αΛ0
b
αΛ+

c
cos θ1 + αΛ+

c
αΛ cos θ2 + αΛ0

b
αΛ cos θ1 cos θ2

− αΛ0
b
γΛ+

c
αΛ sin θ1 sin θ2 cosϕ2 + αΛ0

b
βΛ+

c
αΛ sin θ1 sin θ2 sinϕ2),

(2)

for Λ0
b → Λ+

c (→ Λ(→ pπ−)h+1 )h−2 decays, and

dΓ

d cos θ1
∝ 1 + αΛ0

b
αΛ+

c
cos θ1, (3)
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for Λ0
b → Λ+

c (→ pK0
S)h−2 decays, where the subscript of the decay parameters denotes the

decaying particle. The decay parameters in this analysis are determined from simultaneous
unbinned maximum-likelihood fits to the five Λ0

b (Λ0
b) cascade decays, imposing the

constraint (αΛ+
c

)2 + (βΛ+
c

)2 + (γΛ+
c

)2 = 1. The βΛ+
c

and γΛ+
c

parameters are related to the

αΛ+
c

and ∆Λ+
c

parameters by βΛ+
c

=
√

1 − (αΛ+
c

)2 sin ∆Λ+
c

, γΛ+
c

=
√

1 − (αΛ+
c

)2 cos ∆Λ+
c

,

where ∆Λ+
c

is the phase difference between the two helicity amplitudes of the Λ+
c → Λh+

decay. This leads to two equivalent sets of fit parameters for a Λ+
c → Λh+ decay. The fit

is performed for each set of parameters independently to directly determine their values
and uncertainties. To test CP violation, an additional joint fit of Λ0

b and Λ0
b samples is

applied with CP -related fit parameters, which are the CP asymmetries Aα, Rβ, and CP
averages ⟨α⟩ ≡ (α− ᾱ)/2, R′

β ≡ (β − β̄)/(α− ᾱ). At leading order, the weak and strong
phase differences are determined using Rβ = tan ∆ϕ and R′

β = tan ∆δ [1].
The logarithm of the likelihood function (logL) is constructed as

logL(ν⃗) =
5∑

k=1

(
Ck

Nk∑
i=1

wk,i × log
[
Pk(Ω⃗i

k|ν⃗)
])

, (4)

where ν⃗ is the set of decay parameters, Ω⃗ is the set of angular variables, and P(Ω⃗|ν⃗)
represents the signal probability density function (PDF). The subscript k runs over the
five Λ0

b cascade decays, and the subscript i runs over all the Nk candidates of the k-th
decay. The sPlot weight wk,i in the logL is used to remove the contribution of background
candidates [58], while the constants Ck ≡

∑
i∈datak wk,i/

∑
i∈datak w

2
k,i are scale factors

needed to correct the obtained statistical uncertainties [60]. The signal PDF Pk(Ω⃗k|ν⃗) is
formulated as

Pk(Ω⃗k|ν⃗) =
ϵk(Ω⃗k) · fk(Ω⃗k|ν⃗)∫

dΩ⃗k ϵk(Ω⃗k) · fk(Ω⃗k|ν⃗)
, (5)

where fk(Ω⃗k|ν⃗) represents the angular distribution given in Eq. 2 or 3, and ϵk(Ω⃗k) is the
angular acceptance. The denominator is calculated numerically using the Monte Carlo
integration method [61] beginning with the corresponding simulated signal decays after full
selection. The distributions of the Λ0

b transverse momentum and pseudorapidity, and the
number of tracks per event in the simulation samples are corrected to match those in data.
In Fig. 3, the angular distributions of Λ0

b → Λ+
c (→ pK0

S)h− and Λ0
b → Λ+

c (→ Λh+)π−

decays are shown, superimposed by the fit result. Distributions for all decays are provided
in Ref. [62]. A binned χ2 test between the data and the fit gives a p-value of 28%.

Various sources of systematic uncertainty on the decay parameters are studied. Possible
biases introduced by the angular fit method are evaluated using pseudoexperiments. Mass
and angular distributions of pseudosamples are generated according to the baseline fit
results, and then the whole fit procedure is repeated to extract decay parameters. The
parameter’s systematic uncertainty is taken to be the mean of its pull distribution times
its nominal statistical uncertainty. The sPlot method is used to subtract the background,
hence the choice of the invariant-mass fit model introduces systematic uncertainties. These
are estimated by repeating the invariant-mass fit with alternative fit models, including
alternative descriptions of mass-shape functions and removing the constraints on yields,
then using the corresponding updated sPlot weights to determine decay parameters. As the
PID variables in simulation samples are calibrated to match data [63, 64], the uncertainty
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Figure 3: Distributions of (top left) the ⟨cos θ1⟩ angle of the Λ0
b → Λ+

c (→ pK0
S)h

− decays,
and the (top right) ⟨cos θ1⟩, (bottom left) ⟨cos θ2⟩ and (bottom right) ⟨ϕ2⟩ angles of the
Λ0
b → Λ+

c (→ Λh+)π− decays. The angular brackets denote that the Λ0
b and Λ0

b samples are
merged, where the ϕ2 signs are also flipped for Λ0

b samples. Points with error bars correspond to
background-subtracted data using the sPlot technique.

on the calibration procedure introduces systematic uncertainties which are estimated with
alternative calibration configurations. The limited size of simulation samples introduces
an uncertainty on the efficiency propagated to the decay parameters, which is estimated
with bootstrapped pseudoexperiments [65]. The influence of the production asymmetry
for Λ0

b baryons and detection asymmetries on the final-state particles [66–68] are taken
into account. Following the prescription of CP measurements [69, 70], these asymmetries
are introduced in the angular acceptance, and the angular fit is repeated to verify their
impact on the measurements. The polarization of Λ0

b baryons is considered as a source
of systematic uncertainty. The angular fit is repeated with additional terms in the PDF
incorporating the transverse polarization measured by LHCb [38] (see appendix for details
on this PDF). The impact of the experimental angular resolution is considered as a
systematic uncertainty and found to be negligible. The spin of the Λ baryon undergoes a
precession in the magnetic field of the detector, which modifies its angular distribution
depending on the decay length [71]. The systematic uncertainty arising from the precession
is examined using pseudoexperiments, and found to be negligible. A summary of the
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Table 1: Measurements of α parameters and their CP asymmetries for Λ0
b → Λ+

c π
−, Λ0

b → Λ+
c K

−,
Λ+
c → Λπ+, Λ+

c → ΛK+, Λ+
c → pK0

S and Λ → pπ− decays. The first uncertainties are statistical
and the second are systematic.

Decay α ᾱ ⟨α⟩ Aα

Λ0
b → Λ+

c π
− −1.010 ± 0.011 ± 0.003 0.996 ± 0.011 ± 0.003 −1.003 ± 0.008 ± 0.005 0.007 ± 0.008 ± 0.005

Λ0
b → Λ+

c K
− −0.933 ± 0.042 ± 0.014 0.995 ± 0.036 ± 0.013 −0.964 ± 0.028 ± 0.015 −0.032 ± 0.029 ± 0.006

Λ+
c → Λπ+ −0.782 ± 0.009 ± 0.004 0.787 ± 0.009 ± 0.003 −0.785 ± 0.006 ± 0.003 −0.003 ± 0.008 ± 0.002

Λ+
c → ΛK+ −0.569 ± 0.059 ± 0.028 0.464 ± 0.058 ± 0.017 −0.516 ± 0.041 ± 0.021 0.102 ± 0.080 ± 0.023
Λ+

c → pK0
S −0.744 ± 0.012 ± 0.009 0.765 ± 0.012 ± 0.007 −0.754 ± 0.008 ± 0.006 −0.014 ± 0.011 ± 0.008

Λ→ pπ− 0.717 ± 0.017 ± 0.009 −0.748 ± 0.016 ± 0.007 0.733 ± 0.012 ± 0.006 −0.022 ± 0.016 ± 0.007

Table 2: Measurements of the decay parameters β and γ, the phase difference ∆, the CP
asymmetry Rβ and the CP average R′

β for Λ+
c → Λπ+, Λ+

c → ΛK+ decays and their charge-
conjugated decays. The first uncertainties are statistical and the second are systematic.

Decay Λ+
c → Λπ+ Λ+

c → ΛK+

β 0.368 ± 0.019 ± 0.008 0.35 ± 0.12 ± 0.04
β̄ −0.387 ± 0.018 ± 0.010 −0.32 ± 0.11 ± 0.03
γ 0.502 ± 0.016 ± 0.006 −0.743 ± 0.067 ± 0.024
γ̄ 0.480 ± 0.016 ± 0.007 −0.828 ± 0.049 ± 0.013
∆ (rad) 0.633 ± 0.036 ± 0.013 2.70 ± 0.17 ± 0.04
∆̄ (rad) −0.678 ± 0.035 ± 0.013 −2.78 ± 0.13 ± 0.03
Rβ 0.012 ± 0.017 ± 0.005 −0.04 ± 0.15 ± 0.02
R′

β −0.481 ± 0.019 ± 0.009 −0.65 ± 0.17 ± 0.07

contributions from the various sources is given in Ref. [62]. The systematic uncertainties
from different sources are added in quadrature, resulting in totals that are smaller than
the statistical uncertainties.

The results are listed in Table 1 for the α parameters of Λ0
b , Λ

+
c and Λ decays, and in

Table 2 for the β and γ parameters of Λ+
c → Λh+ decays. The CP -related parameters are

also obtained, and no CP violation is found. This is the first measurement of the parity-
violating parameters of two-body Λ0

b decays into a spin-half baryon and a pseudoscalar
meson. The results of the αΛ0

b
decay parameters are close to −1, suggesting that Λ+

c

baryons in Λ0
b → Λ+

c h
− decays are almost fully longitudinally polarized, which corresponds

to the V −A nature of weak decays and supports the factorization hypothesis in theoretical
calculations [72]. The Λ+

c decay parameters are consistent with, and more precise than, the
Belle [35] and BESIII [34] results. The αΛ+

c
parameters are found to significantly deviate

from −1, which may suggest that nonfactorizable contributions are substantial in hadronic
decays of charm baryons. The β, γ and ∆ parameters of Λ+

c → Λh+ decays are precisely
measured for the first time, and will serve as essential inputs to theoretical models [73].
The weak and strong phase differences are determined to be ∆ϕ = 0.01 ± 0.02 rad
and ∆δ = −0.448 ± 0.017 rad for the Λ+

c → Λπ+ decay, and ∆ϕ = −0.03 ± 0.15 rad
and ∆δ = −0.57 ± 0.19 rad for the Λ+

c → ΛK+ decay, where a possible ambiguity of
+π rad due to the inverse of tangent function is not included. The α parameter and the
corresponding CP asymmetry of the Λ→ pπ− decay in this analysis are consistent with
the BESIII results [29, 30].
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In conclusion, based on pp collision data collected by the LHCb experiment, corre-
sponding to an integrated luminosity of 9 fb−1, a comprehensive study of the angular
distributions in Λ0

b cascade decays is performed. The analysis provides the first measure-
ments of the decay parameters for Λ0

b → Λ+
c h

− decays, and the most precise measurements
for the Λ+

c decay parameters. The weak and strong phase differences for Λ+
c → Λh+ decays

are also determined. The CP asymmetries are studied between the decay parameters
of baryon and antibaryon decays, and no hint of CP violation is observed. The results
provide valuable insights into the weak decay dynamics of baryons.
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End matter

1 Angular distributions

The helicity formalism is employed to describe the angular distributions of the decays in
this Letter. For the decay of a spin-half baryon to a spin-half baryon and a pseudoscalar
meson, two helicity amplitudes are involved with the respective couplings H±, where the
subscript represents the sign of the helicity of the final-state spin-half baryon. The helicity
couplings are related to the S-wave (s) and P-wave (p) couplings as s = (H+ +H−)/

√
2

and p = (H+ −H−)/
√

2. The decay parameters are defined using the helicity amplitudes
as

α =
|H+|2 − |H−|2

|H+|2 + |H−|2
, β =

√
1 − α2 sin ∆, γ =

√
1 − α2 cos ∆, (1)

where ∆ = arg(H+/H−) is the phase angle difference between the two helicity amplitudes.
The angular distribution is determined by the sum of all possible helicity amplitudes

as
dΓ

dΩ
∝ |M |2 =

∑
λ0,λ′

0,λn

ρλ0,λ′
0
Mλ0,λn M

∗
λ′
0,λn

, (2)

where λ
(′)
0 and λn run over the helicities of the initial and final baryons, ρλ0,λ′

0
is the

polarization density matrix of the decaying baryon, and Mλ0,λn , M∗
λ′
0,λn

are the amplitude

matrix elements.
For the Λ0

b baryon promptly produced in pp collisions, the possible polarization is
expected to be perpendicular to the production plane due to parity conservation in strong
interactions. Defining the polarization axis as the z-axis, and the magnitude of the
polarization as Pz, the polarization density matrix is expressed as

ρ =

(
1 + Pz 0

0 1 − Pz

)
. (3)

1.1 Angular distribution for Λ0
b → Λ+

c (→ pK0
S)h

− decays

For Λ0
b → Λ+

c (→ pK0
S)h− decays, the helicity amplitude is determined as

Mλb,λp =
∑
λc

Hb
λc
d

1
2
λb,λc

(θ0) ·Hc
λp
eiλcϕ1 d

1
2
λc,λp

(θ1), (4)

where dJλ,λ′(θ) is the Wigner d-matrix, λb, λc and λp refer to the helicities of Λ0
b , Λ

+
c and

p baryons, and Hb
λc

and Hc
λp

are the helicity couplings of Λ0
b and Λ+

c decays. The total
amplitude squared is calculated by

|M |2 ∝
∑
λp

[
(1 + Pz) · |M1/2,λp |2 + (1 − Pz) · |M−1/2,λp|2

]
, (5)

9



which leads to

d3Γ

d cos θ0d cos θ1dϕ1

∝ 1 + αΛ0
b
αΛ+

c
cos θ1

+ Pz · (αΛ0
b

cos θ0 + αΛ+
c

cos θ0 cos θ1

− γΛ0
b
αΛ+

c
sin θ0 sin θ1 cosϕ1

+ βΛ0
b
αΛ+

c
sin θ0 sin θ1 sinϕ1),

(6)

where αΛ0
b
, βΛ0

b
, γΛ0

b
are the Λ0

b decay parameters defined by Hb
±, and αΛ+

c
is the Λ+

c decay
parameter related to Hc

±.

1.2 Angular distribution for Λ0
b → Λ+

c (→ Λ(→ pπ−)h+
1 )h

−
2 de-

cays

For Λ0
b → Λ+

c (→ Λ(→ pπ−)h+1 )h−2 decays, the relevant angles are (θ0, θ1, ϕ1, θ2, ϕ2), which
are defined in Fig. 2. The helicity amplitude is expressed as

Mλb,λp =
∑
λc

Hb
λc
d

1
2
λb,λc

(θ0) ·Hc
λs
eiλcϕ1 d

1
2
λc,λs

(θ1) ·Hs
λp
eiλsϕ2 d

1
2
λs,λp

(θ2), (7)

where λs refers to the helicity of Λ baryons, and Hc
λs

and Hs
λp

are the helicity couplings of
Λ+

c and Λ decays. The total amplitude is calculated by Eq. 5, which leads to

d5Γ

d cos θ0d cos θ1dϕ1d cos θ2dϕ2

∝ (1 + αΛ0
b
αΛ+

c
cos θ1 + αΛ+

c
αΛ cos θ2 + αΛ0

b
αΛ cos θ1 cos θ2

− αΛ0
b
γΛ+

c
αΛ sin θ1 sin θ2 cosϕ2 + αΛ0

b
βΛ+

c
αΛ sin θ1 sin θ2 sinϕ2)

+Pz · (αΛ0
b

cos θ0 + αΛ+
c

cos θ0 cos θ1 + αΛ0
b
αΛ+

c
αΛ cos θ0 cos θ2

+ αΛ cos θ0 cos θ1 cos θ2 − γΛ0
b
αΛ+

c
sin θ0 sin θ1 cosϕ1 + βΛ0

b
αΛ+

c
sin θ0 sin θ1 sinϕ1

− γΛ+
c
αΛ cos θ0 sin θ1 sin θ2 cosϕ2 + βΛ+

c
αΛ cos θ0 sin θ1 sin θ2 sinϕ2

− γΛ0
b
αΛ sin θ0 sin θ1 cos θ2 cosϕ1 + βΛ0

b
αΛ sin θ0 sin θ1 cos θ2 sinϕ1

+ βΛ0
b
βΛ+

c
αΛ sin θ0 sin θ2 cosϕ1 cosϕ2 + βΛ0

b
γΛ+

c
αΛ sin θ0 sin θ2 cosϕ1 sinϕ2

+ γΛ0
b
βΛ+

c
αΛ sin θ0 sin θ2 sinϕ1 cosϕ2 + γΛ0

b
γΛ+

c
αΛ sin θ0 sin θ2 sinϕ1 sinϕ2

− γΛ0
b
γΛ+

c
αΛ sin θ0 cos θ1 sin θ2 cosϕ1 cosϕ2

+ γΛ0
b
βΛ+

c
αΛ sin θ0 cos θ1 sin θ2 cosϕ1 sinϕ2

+ βΛ0
b
γΛ+

c
αΛ sin θ0 cos θ1 sin θ2 sinϕ1 cosϕ2

− βΛ0
b
βΛ+

c
αΛ sin θ0 cos θ1 sin θ2 sinϕ1 sinϕ2),

(8)

where αΛ is the Λ decay parameter related to Hs
±.
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2 PRL Justification

This letter presents a comprehensive study of parity and charge-parity (CP ) violation in
decays of bottom, charm and strange baryons using the angular analysis method initially
proposed by T.D. Lee and C.N. Yang. The major results include the first measurement of
the decay parameters for Λ0

b → Λ+
c h

+(h = K, π) decays, the most precise determinations
of the decay parameters α, β, γ for Λ+

c → Λ0h+(h = K, π) decays, α for Λ+
c → pK0

S decay
and the associated CP asymmetries, as well as an independent confirmation of the decay
parameter α(Λ0 → pπ−) measured by the BESIII experiment, which was significantly
higher than the previous world average. These results support the factorization hypothesis
in theoretical calculations of beauty baryon hadronic decays, and indicate the importance
of nonfactorizable contributions in hadronic decays of charm baryons. This is the first
study of its kind at LHCb and at a hadron collider, demonstrating LHCb’s great potential
to study CP violation in baryon decays via the angular analysis approach.
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Supplemental material

1 Summary of systematic uncertainties

The various sources of systematic uncertainties on the decay parameter measurements,
including fit procedure, mass fit model, PID calibration, limited size of simulation samples,
production and detection asymmetries and Λ0

b polarization, are summarized in Table S1,
Table S2 and Table S3. The total systematic uncertainties correspond to the sum in
quadrature of all sources.

Table S1: Systematic uncertainties (×10−3) on α parameters of different decays. For each
cell, the four values are for baryon decays (α), antibaryon decays (ᾱ), their averages (⟨α⟩) and
asymmetries (Aα).

Sources Λ0
b → Λ+

c π
− Λ0

b → Λ+
c K

− Λ+
c → Λπ+ Λ+

c → ΛK+ Λ+
c → pK0

S Λ→ pπ−

Fit 0.1/0.7/0.5/0.3 2.4/6.6/1.5/4.6 0.9/0.6/0.1/0.8 3.5/0.9/1.9/2.0 0.1/0.3/0.0/0.2 0.2/0.3/0.1/0.1
Mass 1.1/0.9/0.9/0.3 4.0/6.0/6.2/1.3 0.5/0.6/0.5/0.1 23.3/6.7/13.8/22.7 1.7/1.6/1.7/0.3 1.4/1.7/1.2/0.3
PID 0.4/0.3/0.3/0.0 3.6/3.0/3.6/0.6 0.5/0.5/0.1/0.1 4.2/3.9/4.7/0.9 0.8/0.8/0.5/0.1 0.9/0.8/0.7/0.1
MC 2.6/2.3/2.5/0.2 12.0/9.2/10.6/1.9 2.7/2.6/2.6/0.2 14.4/15.2/14.7/4.9 4.4/4.3/4.4/0.2 5.5/5.1/5.3/0.6

Asym. 1.0/1.0/0.2/1.0 0.7/1.0/0.2/0.9 1.2/1.0/0.0/1.4 1.2/1.9/0.6/0.3 5.0/5.4/0.4/6.9 4.0/4.0/0.1/5.5
Polar. 0.8/0.6/4.4/4.5 4.3/0.8/7.6/2.7 1.9/1.0/1.2/1.5 4.7/1.4/1.4/1.1 4.6/0.9/3.0/4.4 4.6/0.9/2.8/3.5
Total 3.1/2.9/5.2/4.7 14.1/13.3/15.0/5.9 3.7/2.9/2.9/2.2 28.4/17.3/20.8/23.4 8.7/7.2/5.6/8.2 8.7/6.8/6.2/6.6

Table S2: Systematic uncertainties (×10−3) on the decay parameters β and γ, the phase
difference ∆, the CP asymmetry Rβ and the CP average R′

β for Λ+
c → Λπ+ decay.

Sources β/β̄/Rβ/R
′
β γ/γ̄ ∆/∆̄ (rad)

Fit 0.2/0.1/0.2/0.1 0.6/1.1 0.1/2.0

Mass 1.3/1.3/0.5/0.8 0.5/1.0 1.1/1.1

PID 1.1/1.1/0.1/0.9 0.8/0.7 1.2/1.2

MC 6.7/8.8/0.5/8.5 5.4/6.6 11.9/11.0

Asym. 3.5/4.4/5.2/0.5 1.1/1.7 5.8/7.1

Polar. 0.2/0.3/0.9/1.4 0.7/1.1 1.1/0.2

Total 7.7/10.0/5.3/8.7 5.7/7.1 13.4/13.4
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Table S3: Systematic uncertainties (×10−3) on the decay parameters β and γ, the phase
difference ∆, the CP asymmetry Rβ and the CP average R′

β for Λ+
c → ΛK+ decay.

Sources β/β̄/Rβ/R
′
β γ/γ̄ ∆/∆̄ (rad)

Fit 12.0/2.6/9.5/13.2 8.0/1.4 7.0/1.3

Mass 12.2/6.2/13.1/25.4 15.9/3.3 9.7/5.9

PID 6.9/4.2/2.7/15.2 1.6/1.6 11.1/7.7

MC 32.5/26.4/9.2/54.9 16.0/12.7 37.9/27.7

Asym. 1.4/1.8/3.1/1.1 1.4/0.4 1.8/2.9

Polar. 0.4/2.4/0.1/0.2 0.6/1.1 3.2/4.7

Total 37.4/27.8/19.1/64.1 24.0/13.4 41.5/29.9
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2 Projections of angular distributions

Projections of angular distributions and fit results for various decays studied in the Letter
are shown in Figs. S1, S2, S3, S4 and S5.

1− 0.5− 0 0.5 1
1θcos

0
500

1000
1500
2000
2500
3000
3500
4000
4500

Y
ie

ld
s 

/ 0
.0

5

Background-subtracted data
Fit

 1−LHCb, 9.0 fb
0
SKp→+

cΛ, −π+
cΛ→0

bΛ

1− 0.5− 0 0.5 1
1θcos

0
500

1000
1500
2000
2500
3000
3500
4000
4500

Y
ie

ld
s 

/ 0
.0

5

Background-subtracted data
Fit

 1−LHCb, 9.0 fb
0
SKp→−

cΛ, +π−
cΛ→

0

bΛ

Figure S1: Distributions of cos θ1 for (left) the Λ0
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− decay and (right) its
charge-conjugate decay.
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3 Correlation matrices for parameters

Correlation matrices between decay parameters without accounting for systematic un-
certainties are provided in Tables S4-S7. The correlation matrix between CP -related
parameters is provided in Table S8.

Table S4: Correlation matrix of decay parameters for baryon decays using α,∆ as fit parameters.

αΛ+
c π−

Λ0
b

αΛ+
c K−

Λ0
b

αΛπ+

Λ+
c

αΛK+

Λ+
c

∆Λπ+

Λ+
c

∆ΛK+

Λ+
c

αpπ−

Λ α
pK0

S

Λ+
c

αΛ+
c π−

Λ0
b

1.000 0.154 −0.345 −0.079 −0.004 0.005 0.424 −0.671

αΛ+
c K−

Λ0
b

1.000 −0.106 −0.013 0.007 0.001 0.091 −0.201

αΛπ+

Λ+
c

1.000 0.027 0.005 −0.002 −0.128 0.237

αΛK
c 1.000 −0.068 −0.049 −0.067 0.053

∆Λπ+

Λ+
c

1.000 −0.066 0.007 −0.003

∆ΛK+

Λ+
c

1.000 0.003 −0.003

αpπ−

Λ 1.000 −0.287

α
pK0

S

Λ+
c

1.000

Table S5: Correlation matrix of decay parameters for antibaryon decays using α,∆ as fit
parameters.

αΛ−
c π+

Λ0
b

αΛ−
c K+

Λ0
b

αΛπ−

Λ−
c

αΛK−

Λ−
c

∆
Λπ−

Λ−
c

∆
ΛK−

Λ−
c

αpπ+

Λ
α
pK0

S

Λ−
c

αΛ−
c π+

Λ0
b

1.000 0.164 −0.306 −0.035 0.046 −0.002 0.380 −0.660

αΛ−
c K+

Λ0
b

1.000 −0.044 −0.006 0.021 −0.001 0.113 −0.230

αΛπ−

Λ−
c

1.000 0.011 −0.021 0.001 −0.115 0.201

αΛK−

Λ−
c

1.000 0.013 −0.017 −0.052 0.023

∆
Λπ−

Λ−
c

1.000 0.001 −0.052 −0.032

∆
ΛK−

Λ−
c

1.000 0.009 0.001

αpπ+

Λ
1.000 −0.257

α
pK0

S

Λ−
c

1.000
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Table S6: Correlation matrix of decay parameters for baryon decays using β, γ as fit parameters,
with constraint α2 + β2 + γ2 = 1 imposed.

αΛ+
c π−

Λ0
b

αΛ+
c K−

Λ0
b

βΛπ+

Λ+
c

βΛK+

Λ+
c

γΛπ
+

Λ+
c

γΛK
+

Λ+
c

αpπ−

Λ α
pK0

S

Λ+
c

αΛ+
c π−

Λ0
b

1.000 0.154 −0.120 −0.016 −0.189 0.040 0.424 −0.671

αΛ+
c K−

Λ0
b

1.000 −0.029 −0.003 −0.065 0.006 0.091 −0.201

βΛπ+

Λ+
c

1.000 0.002 −0.592 −0.005 −0.106 0.082

βΛK+

Λ+
c

1.000 0.002 0.746 −0.014 0.011

γΛπ
+

Λ+
c

1.000 −0.007 −0.016 0.130

γΛK
+

Λ+
c

1.000 0.021 −0.027

αpπ−

Λ 1.000 −0.287

α
pK0

S

Λ+
c

1.000

Table S7: Correlation matrix of decay parameters for antibaryon decays using β, γ as fit
parameters, with constraint α2 + β2 + γ2 = 1 imposed.

αΛ−
c π+

Λ0
b

αΛ−
c K+

Λ0
b

β
Λπ−

Λ−
c

β
ΛK−

Λ−
c

γΛπ
−

Λ−
c

γΛK
−

Λ−
c

αpπ+

Λ
α
pK0

S

Λ−
c

αΛ−
c π+

Λ0
b

1.000 −0.164 0.072 0.002 −0.204 −0.021 −0.380 0.660

αΛ−
c K+

Λ0
b

1.000 0.003 0.000 0.042 0.021 0.113 −0.230

β
Λπ−

Λ−
c

1.000 −0.000 0.579 −0.002 −0.090 0.046
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E. Aslanides12 , R. Atáıde Da Silva48 , M. Atzeni63 , B. Audurier14 , D. Bacher62 ,
I. Bachiller Perea10 , S. Bachmann20 , M. Bachmayer48 , J.J. Back55 ,
P. Baladron Rodriguez45 , V. Balagura14 , W. Baldini24 , L. Balzani18 , H. Bao7 ,
J. Baptista de Souza Leite59 , C. Barbero Pretel45,82 , M. Barbetti25,l , I. R. Barbosa68 ,
R.J. Barlow61 , M. Barnyakov23 , S. Barsuk13 , W. Barter57 , M. Bartolini54 ,
J. Bartz67 , J.M. Basels16 , S. Bashir38 , G. Bassi33,r , B. Batsukh5 , P. B. Battista13,
A. Bay48 , A. Beck55 , M. Becker18 , F. Bedeschi33 , I.B. Bediaga2 , N. A.
Behling18 , S. Belin45 , V. Bellee49 , K. Belous42 , I. Belov27 , I. Belyaev34 ,
G. Benane12 , G. Bencivenni26 , E. Ben-Haim15 , A. Berezhnoy42 , R. Bernet49 ,
S. Bernet Andres43 , A. Bertolin31 , C. Betancourt49 , F. Betti57 , J. Bex54 ,
Ia. Bezshyiko49 , J. Bhom39 , M.S. Bieker18 , N.V. Biesuz24 , P. Billoir15 ,
A. Biolchini36 , M. Birch60 , F.C.R. Bishop10 , A. Bitadze61 , A. Bizzeti , T. Blake55 ,
F. Blanc48 , J.E. Blank18 , S. Blusk67 , V. Bocharnikov42 , J.A. Boelhauve18 ,
O. Boente Garcia14 , T. Boettcher64 , A. Bohare57 , A. Boldyrev42 , C.S. Bolognani77 ,
R. Bolzonella24,k , N. Bondar42 , A. Bordelius47 , F. Borgato31,p , S. Borghi61 ,
M. Borsato29,o , J.T. Borsuk39 , S.A. Bouchiba48 , M. Bovill62 , T.J.V. Bowcock59 ,
A. Boyer47 , C. Bozzi24 , A. Brea Rodriguez48 , N. Breer18 , J. Brodzicka39 ,
A. Brossa Gonzalo45,55,44,† , J. Brown59 , D. Brundu30 , E. Buchanan57, A. Buonaura49 ,
L. Buonincontri31,p , A.T. Burke61 , C. Burr47 , A. Butkevich42 , J.S. Butter54 ,
J. Buytaert47 , W. Byczynski47 , S. Cadeddu30 , H. Cai72, A. C. Caillet15,
R. Calabrese24,k , S. Calderon Ramirez9 , L. Calefice44 , S. Cali26 , M. Calvi29,o ,
M. Calvo Gomez43 , P. Camargo Magalhaes2,y , J. I. Cambon Bouzas45 , P. Campana26 ,
D.H. Campora Perez77 , A.F. Campoverde Quezada7 , S. Capelli29 , L. Capriotti24 ,
R. Caravaca-Mora9 , A. Carbone23,i , L. Carcedo Salgado45 , R. Cardinale27,m ,
A. Cardini30 , P. Carniti29,o , L. Carus20, A. Casais Vidal63 , R. Caspary20 ,
G. Casse59 , J. Castro Godinez9 , M. Cattaneo47 , G. Cavallero24,47 , V. Cavallini24,k ,
S. Celani20 , D. Cervenkov62 , S. Cesare28,n , A.J. Chadwick59 , I. Chahrour81 ,
M. Charles15 , Ph. Charpentier47 , E. Chatzianagnostou36 , C.A. Chavez Barajas59 ,
M. Chefdeville10 , C. Chen12 , S. Chen5 , Z. Chen7 , A. Chernov39 ,
S. Chernyshenko51 , X. Chiotopoulos77 , V. Chobanova79 , S. Cholak48 ,
M. Chrzaszcz39 , A. Chubykin42 , V. Chulikov42 , P. Ciambrone26 , X. Cid Vidal45 ,
G. Ciezarek47 , P. Cifra47 , P.E.L. Clarke57 , M. Clemencic47 , H.V. Cliff54 ,
J. Closier47 , C. Cocha Toapaxi20 , V. Coco47 , J. Cogan12 , E. Cogneras11 ,
L. Cojocariu41 , P. Collins47 , T. Colombo47 , M. C. Colonna18 ,
A. Comerma-Montells44 , L. Congedo22 , A. Contu30 , N. Cooke58 , I. Corredoira 45 ,
A. Correia15 , G. Corti47 , J.J. Cottee Meldrum53, B. Couturier47 , D.C. Craik49 ,
M. Cruz Torres2,f , E. Curras Rivera48 , R. Currie57 , C.L. Da Silva66 , S. Dadabaev42 ,
L. Dai69 , X. Dai6 , E. Dall’Occo18 , J. Dalseno45 , C. D’Ambrosio47 , J. Daniel11 ,
A. Danilina42 , P. d’Argent22 , A. Davidson55 , J.E. Davies61 , A. Davis61 ,
O. De Aguiar Francisco61 , C. De Angelis30,j , F. De Benedetti47 , J. de Boer36 ,

10

https://orcid.org/0000-0003-0533-1952
https://orcid.org/0000-0001-7905-0542
https://orcid.org/0000-0002-6737-3528
https://orcid.org/0000-0002-5951-3498
https://orcid.org/0000-0003-2448-1550
https://orcid.org/0000-0001-9756-3712
https://orcid.org/0000-0002-1326-1264
https://orcid.org/0000-0001-6280-3851
https://orcid.org/0000-0002-2368-0147
https://orcid.org/0000-0001-9540-4988
https://orcid.org/0000-0003-0288-9694
https://orcid.org/0000-0002-6736-471X
https://orcid.org/0000-0001-6430-1038
https://orcid.org/0000-0001-8636-1621
https://orcid.org/0000-0001-5317-1098
https://orcid.org/0000-0002-8148-2392
https://orcid.org/0000-0003-0897-4160
https://orcid.org/0000-0003-1652-2834
https://orcid.org/0000-0003-4595-2729
https://orcid.org/0000-0002-3277-0662
https://orcid.org/0000-0002-2597-3808
https://orcid.org/0000-0003-4282-1512
https://orcid.org/0000-0002-3274-5627
https://orcid.org/0000-0001-6808-2418
https://orcid.org/0000-0003-3594-9163
https://orcid.org/0000-0002-6273-0506
https://orcid.org/0000-0002-3923-431X
https://orcid.org/0000-0003-2918-1311
https://orcid.org/0000-0001-6288-0558
https://orcid.org/0000-0002-6191-934X
https://orcid.org/0000-0003-1647-4238
https://orcid.org/0000-0002-1779-6813
https://orcid.org/0009-0006-3169-0077
https://orcid.org/0000-0003-4234-7005
https://orcid.org/0000-0002-2785-2233
https://orcid.org/0000-0002-5991-7273
https://orcid.org/0000-0003-3286-683X
https://orcid.org/0009-0005-1667-2666
https://orcid.org/0000-0002-3208-3336
https://orcid.org/0000-0001-9090-4254
https://orcid.org/0000-0002-1249-367X
https://orcid.org/0000-0002-3721-4876
https://orcid.org/0000-0002-1186-3894
https://orcid.org/0000-0001-5996-2747
https://orcid.org/0000-0001-7791-4490
https://orcid.org/0000-0003-4240-2094
https://orcid.org/0000-0002-1611-7188
https://orcid.org/0000-0001-7658-8777
https://orcid.org/0009-0006-5241-1452
https://orcid.org/0009-0002-7027-021X
https://orcid.org/0000-0002-4442-5372
https://orcid.org/0009-0001-1805-6219
https://orcid.org/0000-0002-6704-6914
https://orcid.org/0000-0002-3226-8672
https://orcid.org/0000-0002-8295-8612
https://orcid.org/0009-0000-0102-0482
https://orcid.org/0000-0002-0898-6551
https://orcid.org/0000-0002-9264-4799
https://orcid.org/0000-0002-8479-5802
https://orcid.org/0000-0002-2646-4124
https://orcid.org/0000-0001-5860-8770
https://orcid.org/0000-0001-9861-8922
https://orcid.org/0000-0002-2145-3805
https://orcid.org/0000-0003-1020-2549
https://orcid.org/0000-0002-4862-9399
https://orcid.org/0000-0003-4872-1213
https://orcid.org/0000-0002-7972-8760
https://orcid.org/0000-0002-8315-2119
https://orcid.org/0000-0001-7806-5283
https://orcid.org/0000-0003-4750-7872
https://orcid.org/0000-0001-7154-1304
https://orcid.org/0000-0001-5314-0953
https://orcid.org/0000-0003-0014-2589
https://orcid.org/0000-0003-1699-9202
https://orcid.org/0000-0002-7458-7030
https://orcid.org/0000-0002-8176-8315
https://orcid.org/0000-0002-5107-0610
https://orcid.org/0000-0002-9510-8414
https://orcid.org/0000-0002-4431-7582
https://orcid.org/0000-0002-4856-8063
https://orcid.org/0000-0002-4515-7541
https://orcid.org/0000-0003-1393-4315
https://orcid.org/0000-0001-9886-7427
https://orcid.org/0000-0002-2395-235X
https://orcid.org/0000-0002-2856-8074
https://orcid.org/0000-0002-4315-6414
https://orcid.org/0000-0002-9709-903X
https://orcid.org/0000-0001-7113-7862
https://orcid.org/0000-0003-3004-0946
https://orcid.org/0000-0001-5433-9876
https://orcid.org/0000-0001-6064-9993
https://orcid.org/0000-0001-9157-4461
https://orcid.org/0000-0002-0023-3897
https://orcid.org/0000-0001-7979-1092
https://orcid.org/0000-0001-5729-5530
https://orcid.org/0000-0002-0259-5891
https://orcid.org/0000-0001-5775-3132
https://orcid.org/0000-0002-6546-5605
https://orcid.org/0000-0001-9170-684X
https://orcid.org/0000-0003-1048-7732
https://orcid.org/0000-0002-3543-9959
https://orcid.org/0000-0003-0261-8085
https://orcid.org/0000-0002-2439-9955
https://orcid.org/0000-0003-1077-8046
https://orcid.org/0000-0002-7872-6819
https://orcid.org/0000-0003-3752-6789
https://orcid.org/0000-0002-0055-0577
https://orcid.org/0000-0003-2714-9879
https://orcid.org/0009-0002-3529-8524
https://orcid.org/0000-0002-3149-6710
https://orcid.org/0000-0001-5135-1511
https://orcid.org/0000-0001-5760-2924
https://orcid.org/0000-0002-9065-9030
https://orcid.org/0000-0002-0044-6470
https://orcid.org/0009-0006-2494-8287
https://orcid.org/0000-0002-3505-6915
https://orcid.org/0000-0002-9909-0186
https://orcid.org/0000-0001-6782-3982
https://orcid.org/0000-0001-5650-445X
https://orcid.org/0000-0003-0307-3662
https://orcid.org/0000-0002-8556-0597
https://orcid.org/0000-0002-4442-1048
https://orcid.org/0000-0001-9846-9672
https://orcid.org/0000-0003-4457-5896
https://orcid.org/0000-0003-4907-6463
https://orcid.org/0000-0002-1480-454X
https://orcid.org/0000-0003-0243-0517
https://orcid.org/0000-0002-5155-1094
https://orcid.org/0000-0001-9542-1411
https://orcid.org/0000-0002-1816-536X
https://orcid.org/0000-0002-7958-6790
https://orcid.org/0009-0008-0187-3395
https://orcid.org/0000-0002-7763-500X
https://orcid.org/0000-0002-1354-5400
https://orcid.org/0000-0001-9993-4388
https://orcid.org/0000-0001-6401-1583
https://orcid.org/0000-0001-9056-0711
https://orcid.org/0000-0002-8797-1357
https://orcid.org/0000-0001-5588-1448
https://orcid.org/0000-0003-3641-8110
https://orcid.org/0000-0002-2952-3118
https://orcid.org/0000-0001-8233-1951
https://orcid.org/0000-0001-8998-9975
https://orcid.org/0000-0003-1968-1216
https://orcid.org/0000-0002-8444-4498
https://orcid.org/0000-0003-4899-0587
https://orcid.org/0000-0001-8010-0447
https://orcid.org/0000-0002-7045-2243
https://orcid.org/0000-0003-3101-3528
https://orcid.org/0000-0002-7835-7638
https://orcid.org/0000-0002-6649-0298
https://orcid.org/0000-0002-7820-2732
https://orcid.org/0000-0003-0469-2588
https://orcid.org/0000-0002-1449-1619
https://orcid.org/0000-0002-8516-237X
https://orcid.org/0000-0003-4808-4904
https://orcid.org/0000-0001-7707-169X
https://orcid.org/0000-0002-8342-7047
https://orcid.org/0000-0001-7601-129X
https://orcid.org/0000-0003-4715-7622
https://orcid.org/0000-0002-1865-741X
https://orcid.org/0000-0003-0886-7111
https://orcid.org/0000-0003-3537-9404
https://orcid.org/0000-0002-1472-0987
https://orcid.org/0000-0003-4795-498X
https://orcid.org/0000-0001-9295-8635
https://orcid.org/0009-0009-3781-1820
https://orcid.org/0000-0002-4602-8661
https://orcid.org/0000-0002-6553-6493
https://orcid.org/0000-0002-3400-5489
https://orcid.org/0000-0002-8647-1828
https://orcid.org/0000-0002-0215-7269
https://orcid.org/0000-0003-0232-6808
https://orcid.org/0000-0002-2546-6080
https://orcid.org/0009-0006-5762-6559
https://orcid.org/0000-0002-1353-6002
https://orcid.org/0000-0001-8091-4766
https://orcid.org/0000-0001-7901-8710
https://orcid.org/0000-0003-1061-9643
https://orcid.org/0000-0002-7767-9117
https://orcid.org/0000-0003-0253-9846
https://orcid.org/0000-0002-0468-541X
https://orcid.org/0000-0003-1002-8368
https://orcid.org/0000-0003-3068-7029
https://orcid.org/0000-0003-3746-0732
https://orcid.org/0000-0003-1710-6824
https://orcid.org/0000-0003-0531-0916
https://orcid.org/0000-0002-0228-9130
https://orcid.org/0000-0001-5812-8611
https://orcid.org/0000-0002-5310-6808
https://orcid.org/0000-0001-7194-7566
https://orcid.org/0000-0002-8933-9427
https://orcid.org/0000-0002-1281-5923
https://orcid.org/0000-0003-1437-4022
https://orcid.org/0000-0002-9617-9687
https://orcid.org/0009-0000-1704-4139
https://orcid.org/0000-0002-8980-6048
https://orcid.org/0000-0003-4536-4644
https://orcid.org/0000-0002-3545-2969
https://orcid.org/0000-0002-4179-3700
https://orcid.org/0000-0002-6089-0899
https://orcid.org/0000-0002-6483-8596
https://orcid.org/0000-0003-2857-4471
https://orcid.org/0000-0001-6749-1033
https://orcid.org/0000-0002-3684-1560
https://orcid.org/0000-0003-2607-131X
https://orcid.org/0000-0002-6555-0340
https://orcid.org/0000-0002-0166-9529
https://orcid.org/0000-0003-4106-8258
https://orcid.org/0000-0002-0093-3244
https://orcid.org/0000-0002-4070-4729
https://orcid.org/0000-0003-3395-7151
https://orcid.org/0000-0001-9313-4021
https://orcid.org/0000-0003-3288-4683
https://orcid.org/0000-0003-4344-9994
https://orcid.org/0000-0002-9022-4264
https://orcid.org/0000-0003-3121-2164
https://orcid.org/0000-0003-2380-8355
https://orcid.org/0009-0002-0647-2028
https://orcid.org/0000-0002-5382-8683
https://orcid.org/0000-0001-9458-5115
https://orcid.org/0000-0003-2735-678X
https://orcid.org/0009-0005-5033-5866
https://orcid.org/0000-0002-7960-3116
https://orcid.org/0000-0002-6084-4294


K. De Bruyn76 , S. De Capua61 , M. De Cian20,47 , U. De Freitas Carneiro Da Graca2,b ,
E. De Lucia26 , J.M. De Miranda2 , L. De Paula3 , M. De Serio22,g , P. De Simone26 ,
F. De Vellis18 , J.A. de Vries77 , F. Debernardis22 , D. Decamp10 , V. Dedu12 , S.
Dekkers1 , L. Del Buono15 , B. Delaney63 , H.-P. Dembinski18 , J. Deng8 ,
V. Denysenko49 , O. Deschamps11 , F. Dettori30,j , B. Dey75 , P. Di Nezza26 ,
I. Diachkov42 , S. Didenko42 , S. Ding67 , L. Dittmann20 , V. Dobishuk51 , A. D.
Docheva58 , C. Dong4 , A.M. Donohoe21 , F. Dordei30 , A.C. dos Reis2 , A. D.
Dowling67 , W. Duan70 , P. Duda78 , M.W. Dudek39 , L. Dufour47 , V. Duk32 ,
P. Durante47 , M. M. Duras78 , J.M. Durham66 , O. D. Durmus75 , A. Dziurda39 ,
A. Dzyuba42 , S. Easo56 , E. Eckstein17, U. Egede1 , A. Egorychev42 , V. Egorychev42 ,
S. Eisenhardt57 , E. Ejopu61 , L. Eklund80 , M. Elashri64 , J. Ellbracht18 , S. Ely60 ,
A. Ene41 , E. Epple64 , J. Eschle67 , S. Esen20 , T. Evans61 , F. Fabiano30,j ,
L.N. Falcao2 , Y. Fan7 , B. Fang72 , L. Fantini32,q,47 , M. Faria48 , K. Farmer57 ,
D. Fazzini29,o , L. Felkowski78 , M. Feng5,7 , M. Feo18,47 , A. Fernandez Casani46 ,
M. Fernandez Gomez45 , A.D. Fernez65 , F. Ferrari23 , F. Ferreira Rodrigues3 ,
M. Ferrillo49 , M. Ferro-Luzzi47 , S. Filippov42 , R.A. Fini22 , M. Fiorini24,k ,
K.L. Fischer62 , D.S. Fitzgerald81 , C. Fitzpatrick61 , F. Fleuret14 , M. Fontana23 , L.
F. Foreman61 , R. Forty47 , D. Foulds-Holt54 , M. Franco Sevilla65 , M. Frank47 ,
E. Franzoso24,k , G. Frau61 , C. Frei47 , D.A. Friday61 , J. Fu7 , Q. Fuehring18,54 ,
Y. Fujii1 , T. Fulghesu15 , E. Gabriel36 , G. Galati22 , M.D. Galati36 ,
A. Gallas Torreira45 , D. Galli23,i , S. Gambetta57 , M. Gandelman3 , P. Gandini28 , B.
Ganie61 , H. Gao7 , R. Gao62 , Y. Gao8 , Y. Gao6 , Y. Gao8, M. Garau30,j ,
L.M. Garcia Martin48 , P. Garcia Moreno44 , J. Garćıa Pardiñas47 , K. G. Garg8 ,
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gUniversità di Bari, Bari, Italy
hUniversità di Bergamo, Bergamo, Italy
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