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The Z0 bosons produced in electron-positron collisions at the potential Future Circular
Collider (FCC-ee) provide unique opportunities for flavor physics. The nonzero polarization of
Λ0
b baryons produced in Z0 decays enables access to a much larger set of observables than at the

LHC, where the Λ0
b baryons are produced unpolarized. This paper presents a toy angular analysis

of Λ0
b → Λð→ pπ−Þμþμ− decays using simulation samples of collisions at the FCC-ee recon-

structed using the IDEA detector concept and assuming a dataset of 6 × 1012 Z0 bosons. While
the statistical sensitivity achieved for individual angular observables is not expected to
significantly exceed that from the LHCb Upgrade II experiment, the addition of the polarized
observables leads to a significant improvement of the knowledge on the Wilson coefficients
C9ð0Þ and C10ð0Þ .

DOI: 10.1103/tx1d-vyqk

I. INTRODUCTION

Electroweak penguin decays of heavy hadrons provide
a powerful window into the structure of the Standard
Model (SM) and offer sensitivity to potential new
physics effects that may appear at energy scales beyond
the direct reach of current or future colliders. There have
been long-standing tensions observed between measure-
ment and prediction in b → slþl− decays, in particular
B̄0 → K̄�0μþμ− [1–4]. Other hadronic systems have been
studied also and often exhibit similar tensions with the
SM [5–21]. Due to their nonzero spin, decays of
baryons, such as Λ0

b → Λð→ pπ−Þμþμ−, provide very
rich angular structures. Additional observables become
accessible in the case of nonzero polarization and
enhance the sensitivity to different helicity structures
of the underlying effective operators, allowing for a more
nuanced disentanglement of the Wilson coefficients, see,
e.g., Ref. [22].

The combination of experiments at the Large
Electron Positron collider (LEP) observed a signifi-
cant longitudinal Λ0

b polarization of Pk ¼ −0.45 in
collisions of unpolarized electron and positron beams
at a center-of-mass energy of

ffiffiffi
s

p ¼ mZ0c2 ¼ 91 GeV
[23]. The proposed Future Circular Collider (FCC-ee)
[24], operating as a high-luminosity Z0 factory,
provides a unique opportunity to perform detailed
studies of these polarized Λ0

b baryons. This includes
in particular the measurement of angular observables,
which are inaccessible at hadron colliders due to the
strong production of bb̄ pairs leading to unpolarized
Λ0
b baryons.
This publication estimates the sensitivity on angular

observables in Λ0
b → Λð→ pπ−Þμþμ− decays, using a

maximum likelihood fit, to be expected by the end of
the FCC-ee run period. The increase in sensitivity to the
Wilson coefficients using the full set of observables over
the unpolarized set is also determined. A future study may
focus on decays to other leptons, which provide great
opportunity at the FCC-ee given the simpler environment
compared to the LHC.

II. ANGULAR DISTRIBUTION

The differential decay rate of Λ0
b → Λð→ pπ−Þμþμ−

is [25]
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32π2

3

d6Γ
dq2dΩ⃗

¼ ðK1 sin2θμ þ K2 cos2θμ þ K3 cos θμÞ

þ ðK4 sin2θμ þ K5 cos2θμ þ K6 cos θμÞ cos θh
þ ðK7 sin θμ cos θμ þ K8 sin θμÞ sin θh cos ðϕh þ ϕμÞ
þ ðK9 sin θμ cos θμ þ K10 sin θμÞ sin θh sin ðϕh þ ϕμÞ
þ ðK11 sin2θμ þ K12 cos2θμ þ K13 cos θμÞ cos θk
þ ðK14 sin2θμ þ K15 cos2θμ þ K16 cos θμÞ cos θh cos θk
þ ðK17 sin θμ cos θμ þ K18 sin θμÞ sin θh cos ðϕh þ ϕμÞ cos θk
þ ðK19 sin θμ cos θμ þ K20 sin θμÞ sin θh sin ðϕh þ ϕμÞ cos θk
þ ðK21 cos θμ sin θμ þ K22 sin θμÞ sin ϕμ sin θk
þ ðK23 cos θμ sin θμ þ K24 sin θμÞ cos ϕμ sin θk
þ ðK25 cos θμ sin θμ þ K26 sin θμÞ sin ϕμ cos θh sin θk
þ ðK27 cos θμ sin θμ þ K28 sin θμÞ cos ϕμ cos θh sin θk
þ ðK29 cos2θμ þ K30 sin2θμÞ sin θh sin ϕh sin θk
þ ðK31 cos2θμ þ K32 sin2θμÞ sin θh cos ϕh sin θk
þ ðK33 sin2θμÞ sin θh cos ð2ϕμ þ ϕhÞ sin θk
þ ðK34 sin2θμÞ sin θh sin ð2ϕμ þ ϕhÞ sin θk; ð1Þ

where the dependence on the dimuon invariant mass
squared, q2, is absorbed into the angular coefficients Ki
and the five-dimensional angular phase space is given by
Ω⃗ ¼ ðcos θk; cos θμ; cos θh;ϕμ;ϕhÞ. The angle between the
Λ0
b momentum in the lab frame and the Λmomentum in the

Λ0
b rest frame defines the longitudinal polarization angle θk.

The muon helicity angle, θμ, corresponds to the angle
between themomentumof themuonwith the same charge as
the proton in the dimuon rest frame and the dimuon
momentum in the Λ0

b rest frame. Similarly, the hadron
helicity angle,θh, is the anglebetween theprotonmomentum
in the dihadron rest frame and the dihadronmomentum in the
Λ0
b rest frame. The azimuthal anglesϕμ andϕh are the angles

between the muon and hadron decay planes and the Λ0
b

momentum in the lab frame. The first ten coefficients are
independent of the Λ0

b polarization. In this case, the angular
space collapses to three dimensions as the polarization angle
disappears from the decay rate and the azimuthal angles only
appear together as ϕ ¼ ϕμ þ ϕh. For an illustration of the
angular definitions, please refer to Ref. [25] or similar
publications. Note that sign conventions may differ depend-
ing on which particles are chosen as reference.

III. SIMULATION AND DETECTOR RESPONSE

Simulation samples of collisions of unpolarized electron
and positron beams at the Z0 pole decaying to qq̄ pairs are

generated with Pythia [26]. The Λ0
b → Λð→ pπ−Þμþμ−

signal as well as the dominant background,
B0 → K0

Sð→ πþπ−Þμþμ−, are decayed according to phase
space availability using EvtGen [27]. Realistic distributions
resembling the Standard Model are achieved using weights.
The Λ0

b → Λð→ pπ−Þμþμ− model for the reweighting
employs the Wilson coefficients from EvtGen [28,29]
and lattice QCD calculations for the Λ0

b → Λ hadronic
form factors [22]. The longitudinal Λ0

b polarization has
been set to Pk ¼ −0.45 as measured at LEP [23] in all
studies shown later. Appendix A (Fig. 7) shows the
resulting one-dimensional Λ0

b decay distributions before
and after applying the model weights to the simulation.
Different values for the polarization, including nonzero
transverse polarization are sometimes used for cross-
checks. The B0 → K0

Sð→ πþπ−Þμþμ− background samples
are reweighted using the angular decay rate [30,31]

dΓ
d cos θμ

¼ 3

4
ð1 − cos2 θμÞ; ð2Þ

which only depends on the muon helicity angle θμ. The
dependence of the decay rate on the dimuon invariant mass
is kept as phase space.
This study considers the Innovative Detector for

Electron-positron Accelerators (IDEA) concept [32]. The
IDEA detector features a silicon-pixel vertex detector, a
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large-volume extremely light short-drift wire chamber
surrounded by a layer of silicon microstrip detectors, a
finely segmented crystal electromagnetic calorimeter, a thin
low-mass superconducting solenoid coil, a dual-readout
fiber calorimeter, and muon chambers within the magnet
return yoke. The detector response is emulated using the
DELPHES fast simulation framework [33].

IV. SELECTION AND BACKGROUNDS

The unique decay topology of the Λ0
b → Λð→ pπ−Þμþμ−

decay, caused by the long lifetimes of the Λ0
b and Λ

baryons, provides useful features for an efficient signal
selection. Decay candidates are reconstructed by first
finding all vertices that are not primary and have either
exactly two muon tracks or exactly two hadron tracks, in
both cases of opposite charge. The muon identification as
well as the ability to classify a track as a charged hadron is
assumed to be perfect. A real detector will have a small
nonzero misidentification rate, which is however no con-
cern as there are no background species with branching
fractions large enough to pollute the sample in meaningful
ways. The invariant mass of the dihadron pair is calculated
for the pπ and πp hypotheses and particle masses are
assigned based on which combination results in an invari-
ant mass closer to the true Λ mass.
Bunch crossings at the FCC-ee are projected to produce

exactly one Z0 boson, which decays with a probability of
around 15% into a bb̄ pair [24,34]. The probability of
producing an additional bb̄ pair in the hadronization
process is very low such that events with more than one
b quark and one anti-b quark are neglected in this study
[35]. As a consequence in every event, there are a
maximum of one Λ0

b and one Λ̄0
b baryon that fly back to

back in the lab frame. The combination of the dihadron
and dimuon pair with the smallest angle between the
momentum of the Λ and the Λ0

b candidates (or Λ̄ and
Λ̄0
b) is chosen as the Λ0

b (or Λ̄0
b) candidate in each event.

Note however that due to the small branching fraction of
BðΛ0

b → Λð→ pπ−Þμþμ−Þ ¼ 6.9 × 10−7 [34], the chances
of getting both a Λ0

b and Λ̄0
b signal decay in one event are

vanishingly small.

Backgrounds arising from wrongly selected combina-
tions of unrelated dimuon and dihadron pairs can be
suppressed by imposing that the flight distance of the
Λ0
b (calculated from the distance between the primary

vertex and the dimuon vertex) is at least 100 times as
large as the impact parameter of the Λ0

b candidate with
respect to the primary vertex. Requiring that the Λ flies at
least 10 mm allows one to neglect backgrounds from other
rare decays involving strongly decaying resonances such as
B̄0 → K̄�0μþμ−. Considering only a narrow window around
theΛ0

b (100 MeV=c2) andΛ (20 MeV=c2) masses addition-
ally suppresses different sources of background. See
AppendixB (Fig. 8) for the resolution of the invariantmasses.
The analysis is performed in two bins of dimuon

invariant mass where bin 1 covers the region between
the ϕ and J=ψ resonances and bin 2 covers the region above
the ψð2SÞ resonance up to just below the edge of the phase
space. The region at very low dimuon invariant-mass is
neglected for two reasons. First, the model used to reweight
the signal simulation has a strong photon pole at the
dimuon threshold, see Appendix A (Fig. 7), which is
recreated by assigning very large weights to the small
number of data points present in this region of the phase
space. These weights are one to two orders of magnitude
larger than the weights in other regions potentially leading
to instabilities in the fit. Second, the Z0 → qq̄ background
samples indicate a complex spectrum of low-mass dimuon
resonances and combinatorial background in this region,
which is discussed below. Given that the signal distribution
in the low-mass region is dominated by the contribution of
C7, which is very well known today, see, e.g., Refs. [36,37],
it is most economical to focus on the regions denominated
bins 1 and 2 in this study. The second bin is restricted to just
below the kinematically allowed limit of dimuon invariant
mass in order to obtain a useful efficiency model from the
sparsely populated far edge of the phase space. Table I
provides a summary of all employed selections.
Rare B0 → K0

Sð→ πþπ−Þμþμ− decays pose the poten-
tially most dangerous background given their similar top-
ology to the signal. Due to the roughly ten-times larger
hadronization fraction of B0 mesons compared to Λ0

b
baryons, the K0

S background contributes at a level of

TABLE I. Selections suppressing background decays and definition of the analysis regions.

Purpose Selection

Reject wrong topologies 100 · IPðΛ0
bÞ < FDðΛ0

bÞ
10 mm < FDðΛÞ

Suppress backgrounds far away from the signal region jmðpπμμÞ −mΛ0
b
j < 100 MeV=c2

jmðpπÞ −mΛj < 20 MeV=c2

Analysis bin 1 mðμμÞ∈ ½mϕ þ 60; mJ=ψ − 60� MeV=c2

Analysis bin 2 mðμμÞ∈ ½mψð2SÞ þ 60; mΛ0
b
−mΛ − 20� MeV=c2
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11% of the signal yield without applying any particle
identification criteria. Vetoing the K0

S mass region cannot
sufficiently suppress this background and leads to incon-
venient localized efficiency dips. As a consequence, no K0

S
veto is applied. The impact of this background on the
sensitivity of the angular observables is assessed for
different levels of p − π separation power as part of the
systematic uncertainty.
Table II lists the potential sources of background inves-

tigated for this study compared to the signal. The values for
the b hadron production and branching fractions are
based on Refs. [34,38]. Note that for b baryons in Z0

decays only a combined production fraction of fb-baryon ¼
0.085 has been measured. Assuming that the b-baryon
spectrum is similar at the Z0 pole compared to hadron
colliders [39], our estimate for the Λ0

b baryon production
fraction is fΛ0

b
¼ 0.075. The label Background with

Λ0
b → Λð→ pπ−Þμþμ− refers to backgrounds that arise

within a signal event, for example when the dihadron pair
stemming from a Λ0

b was matched with an unrelated
dimuon pair. The second column shows the expected
number of events for each category assuming 6 × 1012

Z0 bosons by the end of the FCC-ee run period [34,40]. The
following columns list the efficiency of the different
selection steps where Acceptance includes the efficiency
due to the detector geometry as well as the reconstruction
procedure, Topology includes the acceptance as well as the
topological criteria, and Total includes all requirements
listed in Table I on top of the acceptance. Note that the
efficiencies are calculated with respect to the number of
generated events while the reconstruction allows for up to
oneΛ0

b → Λð→ pπ−Þμþμ− and one Λ̄0
b → Λ̄ð→ p̄πþÞμþμ−

candidate per event, which can result in efficiencies larger
than one. The rightmost column indicates the expected
number of candidates in the signal region of the final

dataset. In case there are zero candidates left, the efficiency
and number of candidates are given as an upper limit
at 68% confidence level. The efficiencies and estimated
number of selected candidates stem from samples
generated according to phase-space availability for
Λ0
b → Λð→ pπ−Þμþμ− and B0 → K0

Sð→ πþπ−Þμþμ−.
The projected yield of Λ0

b → Λð→ pπ−Þμþμ− candidates
exceeds the expected number of candidates collected by the
LHCb experiment by the end of Upgrade I but does not
supersede the yield including LHCb Upgrade II [25].
Figure 1 displays the distribution of the signal and

background samples in the (top) dimuon, (middle) diha-
dron, and (bottom) four-body invariant masses after differ-
ent selection steps. The top row reveals a typical dimuon
resonance spectrum in the diquark background samples
featuring prominent peaks at the ϕ, J=ψ , and ψð2SÞ mass.
The region below 1 GeV=c2 consists of a more complex
combination of resonances. A study of the simulation
samples indicates the presence of dimuon pairs originating
from lower mass resonances such as η or ωð782Þ as well as
photons radiated by the b quarks before hadronization. The
middle row shows that some of the dihadron pairs in the
background samples are true Λ baryons peaking at the Λ
mass, which are removed by the topological criteria. The
majority however stems from misidentification of one of
the hadrons resulting in an almost flat shape similar to the
B0 → K0

Sð→ πþπ−Þμþμ− background.
The bottom row reveals some interesting structures

appearing in the four-body invariant mass even after
enforcing the correct topology. The topological selections
remove the background from light quarks almost entirely.
The cc̄ and bb̄ backgrounds appear in similar shapes just
above 2 GeV=c2. This accumulation is the result of
combining a low-mass dimuon resonance produced in a
b- or c decay combined with a dihadron pair produced in
the hadronization. These prompt hadrons have very low

TABLE II. Expected magnitudes of potential background sources. The second column shows the projected number of produced
events assuming 6 × 1012 Z0 bosons. The columns labeled Acceptance, Topology, and Total show the efficiency for the acceptance, the
topological selections, and the requirements on the signal region applied iteratively. The efficiency is calculated as the number of
reconstructed candidates divided by the number of generated events, which can lead to values larger than unity as the reconstruction may
give up to one Λ0

b and one Λ̄0
b candidate per event. The rightmost column contains the projected number of candidates after selection. If

no candidates remain after a given selection, the efficiency or number is given as an upper limit calculated as the 68% confidence
interval.

Process Production Acceptance Topology Total Selected

Z0 → bb̄ 9.00 × 1011 3.0 × 10−4 2.6 × 10−5 < 4.2 × 10−9 < 3759

Z0 → cc̄ 7.20 × 1011 3.2 × 10−5 2.0 × 10−6 < 4.8 × 10−9 < 3450

Z0 → ss̄ 9.00 × 1011 4.2 × 10−6 7.6 × 10−8 < 3.7 × 10−9 < 3300

Z0 → uū=dd̄ 1.62 × 1012 4.4 × 10−6 8.0 × 10−8 < 5.4 × 10−9 < 8799

B0 → K0
Sð→ πþπ−Þμþμ− 1.68 × 105 1.34 0.68 2.6 × 10−2 4438

Background with Λ0
b → Λð→ pπ−Þμþμ− 9.31 × 104 0.49 3.2 × 10−3 6.7 × 10−5 6

Λ0
b → Λð→ pπ−Þμþμ− 9.31 × 104 0.81 0.63 0.42 38895
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momentum leading to the low four-body invariant mass.
The displacement of the dimuon vertex from the primary
vertex due to the long b- and c-quark lifetimes allows
these combinations to pass the topological selections.
Additionally, the bb̄ background distribution peaks
around the Λ0

b mass. This peak stems from Λ0
b decays

to a Λ baryon and a qq̄ meson as well as similar B0

decays with misidentified hadrons. The very narrow
peak in the bb̄ sample at 4.25 GeV=c2 originates from
Λ0
b → J=ψð→ μþμ−ÞΛð→ pπ−Þϕ decays. Despite not

reconstructing the ϕ meson, this decay still leads to a
peaking structure due to the narrow J=ψ and Λ reso-
nances as well as the very limited phase space remaining
after producing the ϕ, J=ψ , and Λ mesons. The branch-
ing fraction of Λ0

b → J=ψΛϕ is 4% of the branching
fraction of Λ0

b → J=ψΛ [34], which is roughly consistent
with the magnitude of the peak.

At first glance, the upper limits on the selected back-
ground candidates in the Z0 → qq̄ samples may appear
unsatisfying. They are however a direct consequence of the
number of generated events lying between 300 and
500 million for each species, three orders of magnitude
below the expected numbers that will be produced over the
full Z-pole run at the FCC-ee, see Table II. A reduction of
the upper limit on the total contamination due to Z0 → qq̄
events to below 1% of the signal yield at 68% confidence
level would require a 50-fold increase in simulation
samples, which is not feasible. Given the discussions above
however, the light-quark Z0 → qq̄ backgrounds exclusively
populate the low dimuon invariant mass region not con-
sidered in the analysis while the heavier quark backgrounds
also sit at dimuon qq̄ resonance regions, which are vetoed.
As a consequence, there is high confidence that the back-
grounds can be neglected given the definition of the signal
region and analysis bins.

FIG. 1. Location and magnitude of the backgrounds (left) after reconstruction without further selections, (center) including the
topological, and (right) including all selections (dimuon mass) for the dimuon mass (hadron masses).
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V. RELATIVE EFFICIENCY

The decay of a spin-1 boson to two fermions—such as
Z0 → bb̄—is not isotropic leading to decay products with
preference for large pseudorapidity. Moreover, the momen-
tum distribution of Λ0

b baryons produced in Z0 decays
peaks between 35 and 40 GeV=c. This strong boost causes
the decay products to fly in a narrow cone around the Λ0

b
momentum in the laboratory frame. The beam line however
limits the acceptance of the detector to tracks whose
angle with respect to the beam axis is α ≥ arccosð0.99Þ.
This design detail in combination with the production
kinematics limits the integrated acceptance for
Λ0
b → Λð→ pπ−Þμþμ− decays in this study to around

80%. Another challenge is the reconstruction of low-
momentum particles. The angles between the particles
dictate the magnitude of the momentum after the boost
to the lab frame leading to nonuniform relative efficiencies.
The most prominent effects and their causes are discussed
later in this section.
The efficiency in the six-dimensional phase space Φ⃗ ¼

ðq0; cos θk; cos θμ; cos θh;ϕμ;ϕhÞ is parametrized by

εðΦ⃗Þ ¼
X

nqnknμnhlμlh

enqnknμnhlμlhPnqðq0ÞPnk ðcos θkÞPnμðcos θμÞ

× Pnhðcos θhÞ cosðlμϕμÞ cosðlhϕhÞ; ð3Þ

FIG. 2. One- and two-dimensional projections of the efficiency model. For the one-dimensional projections, the simulation samples
(including calibration and after removal of phase-space structures) are displayed as black data points. The colors in all off-diagonal plots
are have the same scale.
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where PiðxÞ are Legendre polynomials of order i, the
enqnknμnhlμlh are a set of coefficients, and q0 is a mapping offfiffiffiffiffi
q2

p
to the range ½−1;þ1�. This model makes no assump-

tions about the factorization of the different observables.
Legendre polynomials, and cosmϕ dependencies, are used
since these form an orthogonal basis. Note that for the
cos θμ and ϕμ dependence only even orders are allowed as
there is no reason for a detection asymmetry on the muonic
side of the decay. The coefficients enqnknμnhlμlh are deter-
mined using the method of moments on phase-space
simulation samples. The efficiency is parametrized using
polynomials of up to and including order 2 for the trans-
formed mass, q0, order 7 for cos θk, order 0 for cos θμ, order
2 for cos θk, order 4 for ϕμ, and order 2 for ϕh. These orders
are chosen based on a number of criteria outlined in the
following.
The diagonal plots in Fig. 2 show the one-dimensional

efficiency projections. These shapes provide a guide for the
minimum orders required in the model such as a linear term
for q0 and high orders in cos θk and ϕμ. The efficiency
model with the chosen orders (pink shape) agrees well with
the true efficiency represented by the simulation samples
(black histogram). The off-diagonal two-dimensional pro-
jections show the efficiency model where the colors are
scaled consistently across all combinations of variables to
illustrate the large changes across q0 and cos θk compared to
all other variables.
In order to study the agreement quantitatively and

including correlations across all six dimensions, a large
toy sample representing the efficiency model is generated.
A Boosted Decision Tree (BDT) with the default XGBoost
[41] configuration is trained employing a twofold strategy

to distinguish the simulation and toy samples. Its ability to
disentangle them is quantified using the area under the
receiver-operator curve (AUC) obtained when classifying
the training samples. Figure 3 shows the AUC for efficiency
models covering reasonable combinations of orders. The
horizontal axis represents the complexity of the model
quantified by the number of coefficients. The different
marker shapes represent the different orders in q0. A
uniform efficiency in q0, labeled by nq ≤ 0, disagrees with
the one-dimensional projection shown in Fig. 2. This
option is included in the plot however to illustrate that
obvious deviations from the correct model appear as
significant differences in AUC whereas higher-order
improvements, such as going from nq ≤ 1 to nq ≤ 2 have
much smaller impact. The different colors represent differ-
ent orders in cos θk showing no clear separation between
different orders. Similarly models with lmax

μ ≥ 4 are shown
in black and models with nmax

h ≥ 3 are shown in gray again
with no obvious improvement over other colors. While the
general trend is that AUC improves slowly with the
complexity of the model, there is no drastic improvement
related to any variable.
Only models with variable importances in the classi-

fication that lie within 1
6
� 0.010, and which have no

regions with negative efficiency, are considered as potential
efficiency parametrizations. Requiring very similar variable
importances chooses models that have no strong mismod-
eling in one variable. Moving to higher orders than tried in
this test will lead to an even lower AUC. It however also
increases the risk of localized negative efficiency values,
which the BDT cannot penalize because a toy sample can
never represent a negative density. Amongst the preselected
models, the one with the lowest AUC score—of 0.5035—is
chosen as the default. In conclusion, the default efficiency
model is almost indistinguishable from the simulation
samples and, given the limitations of the validation method,
no efficiency model with significantly better performance
can be identified.
Returning to the efficiency shapes in Fig. 2, the locally

lower efficiencies are due to lower momenta in one of the
particles. The momentum of the proton and the pion is
equal in the Λ rest frame but the proton has significantly
higher energy. This higher energy leads to on average
higher proton momentum after a boost to another frame.
The pion momentum is particularly low when the com-
bined boost of the Λ0

b and Λ is antiparallel to the pion
momentum in the Λ rest frame. This happens for a low-
momentum hadronic system when the Λ in the Λ0

b rest
frame flies antiparallel to the Λ0

b lab momentum
(cos θk ≈ −1), the pion in the Λ rest frame flies antiparallel
to the Λ0

b lab momentum (ϕh ≈ 0), and the pion is emitted
parallel to the Λ (cos θh < 0). The same happens for a low-
momentum dimuon system when the Λ in the Λ0

b rest frame
flies parallel to the Λ0

b lab momentum (cos θk ≈ 1), and

FIG. 3. AUC for classifying a toy of an efficiency model from
the simulation samples. The nominal model is shown in green.
The dashed line at 0.5 represents inseparable samples. Values
below 0.5 are impossible and indicate a problem with the
classifier or the input data. The horizontal axis indicates the
complexity of the model given by the number of coefficients.
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either the muon of the same charge as the proton flies
antiparallel to the Λ (cos θh < 0) and antiparallel to the Λ0

b
lab momentum (ϕμ ≈�π), or the muon of the opposite
charge as the proton flies antiparallel to the Λ (cos θμ > 0)
and antiparallel to the Λ0

b lab momentum (ϕμ ≈ 0).

VI. ANGULAR FIT

The angular observables Ki of Λ0
b → Λð→ pπ−Þμþμ−

are determined using a maximum likelihood fit of the five-
dimensional angular decay rate given in Eq. (1). The
background levels are negligible and for the nominal fit
result, particle identification is assumed to be perfect. As a
consequence, there are no additional shapes in the fit. The
fit is repeated on 1000 toy samples of realistic size. An
examination of the pull distribution confirms unbiased
results and accurate coverage of the Hessian uncertainties.
Similar studies for different values of the polarization show
compatible uncertainties and reliable fit stability confirm-
ing the robustness of the setup. As an additional consistency
check, it has been verified that the values for the angular
coefficients obtained from the fit are in agreement with the
values calculated using the method of moments, which is by
construction model independent. Moreover, we confirm
that the extracted observables fulfil the theoretical relation-
ships K15 ¼ −αΛPkK2 (which is only true in the limit of
massless leptons), αΛK13 ¼ −PkK6, and K16 ¼ −αΛPkK3,
with the Λ decay asymmetry parameter αΛ [25].
The systematic uncertainty is calculated as the difference

between the true generated value and the measured value on
the full simulation sample after the full selection. This value
includes all potential sources of systematic uncertainty at
once and is assessed for different levels of contamination
due to misidentifiedB0 → K0

Sð→ πþπ−Þμþμ− decays. For a
p − π separation of κσ, a fraction

f ¼ 1

2
ð1 − cdfχ2ðκ2; 1ÞÞ ð4Þ

of the signal is replaced by B0 → K0
Sð→ πþπ−Þμþμ−

samples, where cdfχ2ðx; dÞ is the cumulative distribution
function of a χ2 distribution with d degrees of freedom. As
discussed previously, the efficiency is included by weight-
ing the samples in the fit. Given the reconstruction and
selection focuses on the decay geometry, the efficiency for
B0 → K0

Sð→ πþπ−Þμþμ− is assumed to be very similar to
the signal efficiency and no specific efficiency model is
developed.
Figure 4 shows the statistical uncertainty as gray bands

and the total systematic uncertainty represented as the
deviation from the true value for different levels of p − π
separation. Tables III and IV in Appendix C summarize the
numerical results. The uncertainties are slightly larger than
the projected uncertainties for a moment analysis in the
region of large dimuon invariant mass performed by the

LHCb experiment after Upgrade II. This is within expect-
ation given the significantly lower yield in this study. Some
loss of sensitivity is however recovered by performing an
angular fit as opposed to the method of moments employed
in the LHCb projection. Most observables are statistically
limited while some have larger systematic uncertainty,
which remain even in the case of perfect particle identi-
fication, in particular K4;5;6;14;23;32. Beyond particle mis-
identification, the largest sources of systematic uncertainty
are assumed to be a mismodeling of the efficiency and
resolution effects. The systematic uncertainty due to faulty
particle identification practically vanishes beyond a mod-
erate separation of 2σ for all observables.

VII. SENSITIVITY TO THE WILSON
COEFFICIENTS C9ð0Þ AND C10ð0Þ

The value of and uncertainty on the Wilson coefficients
in the weak effective theory are determined by means of a
fit to a set of measurements using the flavor fitting tool

FIG. 4. Uncertainties in the measurement for different levels of
p − π separation obtained as the deviation of an observable from
the truth.
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FLAVIO [42]. In order to illustrate the sensitivity improve-
ment caused by the polarized observables K11−34, the fit is
performed three times, once only using the first ten
observables, once only using the last 24, and finally to

all 34 observables. In all cases, both analysis bins are
considered simultaneously and perfect particle identifica-
tion is assumed, which represents the uncertainties when
the p − π separation is better than 2σ. Figures 5 and 6 show

FIG. 5. Sensitivity of a fit to the real and imaginary parts of the
Wilson coefficients C9 and C10 for a measurement using either all
observables, only unpolarized, or only polarized observables
assuming perfect particle identification.

FIG. 6. Sensitivity of a fit to the real and imaginary parts of the
Wilson coefficients C90 and C100 for a measurement using either
all observables, only unpolarized, or only polarized observables
assuming perfect particle identification.
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the resulting scans of the logarithm of the likelihood with
respect to the real and imaginary parts of the four most
relevant Wilson coefficients C9ð0Þ and C10ð0Þ . The slight
shifts away from the SM at zero are due to a mismatch in
the modeling of the local operators in the FLAVIO package
with respect to the model used to reweight the simulation.
The disjoint sets of observables dependent and indepen-
dent of the polarization result in similar sensitivity while
their combination improves the fit notably. It has been
checked that the uncertainties on the first ten angular
observables do not decrease when fitting a reduced
function obtained from integrating over the polarization
angles leading to a three-dimensional angular distribution
with only ten coefficients.
The fit is also performed for each observable individu-

ally with results shown in Appendix D (Figs. 9 and 10).
Many observables lead to constraints on the real part of
C9, this includes both observables with and without
dependence on the polarization and in particular K3,
K6, K13, K24, and K28. Only the observable K3 has a
strong impact on the real part of C10 and the imaginary
parts of C9 and C10 on its own. The sensitivity to the real
parts of C90 and C100 are strongly dependent on the
sensitivity of K3, K4, and K8. The imaginary parts of
C90 and C100 on the other hand are dominated by the
sensitivity of K10 with notable constraints from K4. In
summary, the likelihood profiles for the unprimed Wilson
coefficients shown in Fig. 5 are a consequence of con-
sidering an ensemble of observables. The additional
information due to considering polarized Λ0

b baryons
leads to a notable improvement of the sensitivity in
these cases. The primed Wilson coefficients on the
other hand are very well constrained by K3, K4,
and K8. The addition of observables with or without
dependence on the polarization leads to only small
improvements.
As discussed previously, the projected signal yield for

the FCC-ee corresponds to the expected yield by the
LHCb experiment sometime during the Upgrade II run
period. Due to employing a background-free fit instead of
a moment analysis with background however, the stat-
istical uncertainties for the FCC-ee measurement corre-
spond more closely to the statistical sensitivity of the
angular observables after the Upgrade II period as esti-
mated in Ref. [25]. As a consequence, the sensitivity on
the Wilson coefficients shown here for the unpolarized
observables serves as a conservative proxy for the
expected sensitivity obtained from the final LHCb
measurement.

VIII. DISCUSSION AND CONCLUSION

This paper presents a study of Λ0
b → Λð→ pπ−Þμþμ−

decays at the proposed FCC-ee. The estimated sensitivity
on the angular observables is of a similar magnitude as the
sensitivity projected for the LHCb experiment by the end of

the LHC lifetime. Following the access to the full set of
polarized angular observables at the FCC-ee however, the
sensitivity to the Wilson coefficients is improved as shown
in Figs. 5 and 6.
The study was performed using DELPHES simulation,

which is only a proxy for the quantities to be expected in
data and simplifies the reconstruction process. However
the real tracking and reconstruction efficiency is
expected to be very high given the low-multiplicity
eþe− → Z0 events produced at the FCC-ee. What is
more, improvements in tracking and reconstruction
methods can be expected to improve in the future for
example through the usage of more sophisticated
machine learning techniques.
A future study may investigate the potential inclusion of

the low dimuon invariant-mass region or the region
between the J=ψ and ψð2SÞ resonances as well as finer
binning of the region between the ϕ and J=ψ resonances.
Moreover, considering larger Z0 → qq̄ simulation samples
may be useful for higher confidence in the negligence of
combinatorial background. Similarly, a simple refit of the
decay chain while fixing the dihadron invariant mass and
the four-body invariant mass to the knownΛ andΛ0

b masses
might enable further suppression of such backgrounds.
New statistical analysis methods may improve the achiev-
able precision of the angular coefficients and developments
in the understanding of form factors may improve the
accessibility of the Wilson coefficients on data directly.
Finally, future studies may dedicate efforts to aligning the
models used to obtain the theory predictions and exper-
imental simulation to mitigate the shifts in the Wilson
coefficients.
While the exact numbers presented in this study will

change in future iterations, it is clear that the access to
all 34 angular observables due to the nonzero polari-
zation of Λ0

b baryons produced in Z0 decays provides a
significant increase to the sensitivity to the Wilson
coefficients.
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APPENDIX A: REWEIGHTED DISTRIBUTIONS

FIG. 7. Distribution of the dimuon invariant-mass squared, q2, and the five angles in the generated sample (gray) as well as weighted
by the Standard Model distribution across the full phase space (black) and in the two analysis bins (blue and magenta).
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APPENDIX B: INVARIANT MASS RESOLUTIONS

APPENDIX C: NUMERICAL RESULTS FOR THE ANGULAR COEFFICIENTS

FIG. 8. Difference of the reconstructed and true mass of the baryons (left) and dimuon resonances (right). The windows used for the
selection of the signal (left) and the suppression of the qq̄ resonances (right) are shown as dotted lines. The legends include the efficiency
of selecting only the region between the lines (ε) as well as the full width at half maximum (FWHM) of the peaks as an indication for the
resolution.

TABLE III. Summary of the estimated sensitivity on the angular observables Ki assuming the Standard Model in
bin 1. The three rightmost columns represent the total uncertainty at a level of p − π separation of κσ. A particle
separation of at least 2σ results in values compatible with perfect particle identification (∞σ).

i Value Stat. Tot. ∞σ Tot. 1σ Tot. 0σ

1 0.455 0.001 0.002 0.002 0.005
2 0.089 0.003 0.003 0.003 0.010
3 −0.068 0.002 0.003 0.004 0.007
4 −0.332 0.005 0.017 0.022 0.044
5 −0.066 0.004 0.011 0.011 0.013
6 0.053 0.004 0.006 0.006 0.008
7 0.002 0.007 0.007 0.007 0.007
8 0.036 0.004 0.008 0.008 0.010
9 −0.001 0.007 0.007 0.007 0.007
10 −0.000 0.004 0.004 0.004 0.005
11 0.163 0.006 0.012 0.019 0.050
12 −0.035 0.005 0.006 0.007 0.011
13 0.033 0.004 0.005 0.005 0.006
14 −0.126 0.010 0.014 0.015 0.020
15 0.028 0.007 0.012 0.012 0.011
16 −0.024 0.007 0.010 0.010 0.010
17 0.018 0.012 0.013 0.013 0.013
18 −0.000 0.007 0.009 0.009 0.010
19 −0.002 0.012 0.012 0.012 0.012
20 −0.001 0.007 0.008 0.008 0.008
21 0.002 0.008 0.008 0.008 0.008
22 −0.003 0.005 0.005 0.005 0.005
23 0.086 0.008 0.027 0.028 0.030
24 −0.102 0.005 0.005 0.006 0.011

(Table continued)
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TABLE III. (Continued)

i Value Stat. Tot. ∞σ Tot. 1σ Tot. 0σ

25 −0.003 0.012 0.012 0.012 0.012
26 0.003 0.007 0.007 0.007 0.007
27 −0.067 0.012 0.024 0.025 0.027
28 0.077 0.007 0.008 0.008 0.009
29 0.001 0.004 0.004 0.004 0.004
30 0.001 0.006 0.006 0.006 0.006
31 0.000 0.004 0.006 0.006 0.006
32 −0.033 0.006 0.033 0.032 0.025
33 −0.001 0.006 0.006 0.006 0.006
34 −0.001 0.006 0.006 0.006 0.006

TABLE IV. Summary of the estimated sensitivity on the angular observables Ki assuming the Standard Model in
bin 2. The three rightmost columns represent the total uncertainty at a level of p − π separation of κσ. A particle
separation of at least 2σ results in values compatible with perfect particle identification (∞σ).

i Value Stat. Tot. ∞σ Tot. 1σ Tot. 0σ

1 0.356 0.004 0.005 0.007 0.030
2 0.288 0.007 0.008 0.012 0.060
3 −0.232 0.006 0.006 0.012 0.042
4 −0.237 0.008 0.032 0.047 0.110
5 −0.178 0.013 0.026 0.029 0.041
6 0.213 0.011 0.029 0.036 0.059
7 −0.027 0.014 0.018 0.018 0.022
8 −0.107 0.008 0.021 0.024 0.036
9 −0.001 0.014 0.014 0.014 0.014
10 0.002 0.008 0.008 0.008 0.008
11 0.032 0.009 0.009 0.013 0.062
12 −0.099 0.014 0.015 0.015 0.014
13 0.124 0.012 0.012 0.012 0.019
14 −0.021 0.014 0.016 0.015 0.035
15 0.087 0.022 0.028 0.030 0.041
16 −0.074 0.019 0.025 0.027 0.034
17 −0.058 0.023 0.026 0.027 0.030
18 −0.005 0.013 0.017 0.018 0.020
19 0.000 0.023 0.024 0.024 0.023
20 −0.002 0.012 0.012 0.012 0.012
21 −0.004 0.015 0.015 0.015 0.015
22 0.003 0.008 0.008 0.008 0.009
23 0.140 0.014 0.016 0.015 0.014
24 −0.153 0.008 0.008 0.012 0.034
25 −0.003 0.024 0.024 0.024 0.024
26 −0.002 0.013 0.013 0.013 0.013
27 −0.120 0.024 0.029 0.033 0.051
28 0.103 0.013 0.027 0.032 0.043
29 −0.001 0.009 0.009 0.009 0.009
30 −0.001 0.010 0.010 0.010 0.010
31 0.004 0.009 0.011 0.011 0.015
32 0.022 0.010 0.027 0.023 0.016
33 0.024 0.009 0.009 0.010 0.013
34 −0.004 0.009 0.009 0.009 0.009
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APPENDIX D: WILSON COEFFICIENT FITS TO
INDIVIDUAL OBSERVABLES

FIG. 9. Sensitivity of a fit to the real and imaginary parts of the Wilson coefficients C9 and C10 to each observable individually.
Observables for which the logarithmic likelihood difference is less than one across the shown range are plotted as black lines. Dashed
(dotted) lines correspond to observables that are independent of (depend on) the polarization. The profiles for K1 and K2 are identical as
consequence of the normalization dΓ

dq2 ¼ 2K1 þ K2.
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