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1 Introduction

The decay of a Λ0
b baryon to a Λ resonance and a pair of oppositely charged muons is mediated

by a b- to s-quark flavour-changing neutral-current (FCNC) transition. In the Standard
Model (SM) of particle physics, such transitions are suppressed as they proceed via loop-order
Feynman diagrams. In extensions of the SM, the decay rate and angular distribution can be
significantly modified [1]. The rate and angular distribution of Λ0

b→ Λ(1116)µ+µ− decays,
where the Λ(1116) baryon is the weakly decaying ground-state, have previously been studied
by the LHCb and CDF collaborations [2–4].1 While the properties of Λ0

b→ Λ(1116)µ+µ−

decays are consistent with SM expectations at the current level of experimental precision [5],
tensions are seen in measurements of b- to s-quark FCNC transitions involving B+, B0 and
B0
s mesons. The decay rates of these processes are found to be systematically below SM

predictions [6–10]. Angular observables in B0→ K∗(892)0µ+µ− and B+→ K∗(892)+µ+µ−

decays are also found to differ from expectations when the dimuon mass squared, q2, is less
than 8GeV2/c4 [11–18]. There is currently no conclusion on whether these discrepancies
provide evidence for a genuine breakdown of the SM or are reflective of the challenges of
calculating the rates of exclusive processes in a nonperturbative regime of QCD, see for

1The inclusion of charge-conjugate processes is implied throughout this paper unless explicitly stated.
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example refs. [19–23]. It is therefore important to search for similar discrepancies in other
hadronic systems, which require different theoretical treatments.

In this paper, Λ0
b → pK−µ+µ− decays with intermediate Λ resonances decaying to

pK− are considered. Rare FCNC decays of a Λ0
b baryon to the pK−µ+µ− final state were

first observed by the LHCb collaboration in ref. [24]. The differential branching fraction of
the decay was measured in the range 0.1 < q2 < 6.0GeV2/c4 in ref. [25]. Subsequently, the
differential branching fraction to the narrowest strongly decaying state, the Λ(1520) resonance,
was measured in ref. [26] in bins of q2. The full dihadron spectrum comprises a relatively large
number of Λ states with different JP quantum numbers. There are no accurate predictions
of the differential decay rates of many of these states. Standard Model predictions, with
reliable uncertainties, are only available for Λ0

b → Λ(1520)µ+µ− decays, based on Lattice
QCD [27, 28] or dispersive bounds [29]. The hadronic form factors for transitions from Λ0

b

baryons to other strongly decaying Λ resonances have only been estimated using a simplified
quark model [30]. This paper presents a measurement of the branching fraction, and a first
measurement of the angular distribution, of Λ0

b → pK−µ+µ− decays. Coefficients of the
angular distribution are determined using the formalism described in ref. [1].

The branching fraction and angular coefficients are measured in bins of q2 and dihadron
mass, mpK . In q2, the data are binned in the ranges 0.10–0.98, 1.1–2.0, 2.0–4.0, 4.0–6.0,
6.0–8.0, 11.0–12.5 and 15.0–17.5 GeV2/c4. In mpK , the data are binned in the ranges 1.4359–
1.5900, 1.59–1.75, 1.75–2.20 and 2.20–5.41 GeV/c2. The first bin in mpK isolates the narrow
Λ(1520) state, which is a prominent feature of the dihadron spectrum. The last bin in
mpK contains several broad Λ resonances whose properties are poorly known. At large q2,
the 1.4359–1.5900 and 1.59–1.75 GeV/c2 bins are combined and the others are kinematically
inaccessible. The q2 regions between 0.98–1.10 and 12.5–15.0 GeV2/c4 are removed from the
data sample as they contain contributions from ϕ and ψ(2S) meson decays. Candidates
with 8.0 < q2 < 11.0GeV2/c4 are dominated by Λ0

b → J/ψpK− decays and are retained
as a control sample.

At the LHC, Λ0
b baryons are observed to be produced with a net polarisation below

1% [31]. In this paper, they are treated as having zero polarisation in order to simplify
the number of angular coefficients that need to be considered. In this case, the angular
distribution of the decay can be described by three angles: θµ, the angle between the direction
of the µ+ (µ−) in the µ+µ− rest frame and the direction of the µ+µ− pair in the Λ0

b (Λ0
b) rest

frame; θp, the angle between the direction of the proton (antiproton) in the dihadron rest
frame and the direction of the dihadron pair in the Λ0

b (Λ0
b) rest frame; ϕ, the angle between

the µ+µ− and dihadron decay planes in the Λ0
b rest frame. The resulting angular distribution

is complex due to the contribution from a multitude of different Λ states, with different JP

quantum numbers, that decay to the same pK− final state. For Λ states with J ≤ 5
2 , the

differential decay rate can be written in terms of a set of angular coefficients, Ki(q2,m2
pK), as

d5Γ
dΦ

= 3
8π

46∑
i=1

Ki(q2,m2
pK)fi(Ω) , (1.1)

where Φ = (q2,m2
pK , cos θµ, cos θp, ϕ), Ω = (cos θµ, cos θp, ϕ) and with the angular depen-

dencies, fi(Ω), given in table 1. The rate-averaged angular coefficients Ki in bins of q2
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and m2
pK are given by

Ki =
∫

bin

Ki(q2,m2
pK)dq2dm2

pK

/ ∫
bin

d2Γ
dq2dm2

pK

dq2dm2
pK . (1.2)

Due to the large number of observables involved, the coefficients are determined using the
method of moments (see e.g. ref. [32]) rather than by fitting the angular distribution of the
data. Nonzero production polarisation of the Λ0

b baryons significantly increases the number
of possible angular observables that can be measured but, due to the angular structure, does
not affect the determination of the coefficients measured in this paper.

The data set used in this paper corresponds to 9 fb−1 of integrated luminosity of pp
collision data collected with the LHCb experiment between 2011 and 2018. This paper is
organised as follows. Section 2 introduces the method used to determine the differential
branching fraction and the Ki angular coefficients. Section 3 provides a description of the
LHCb detector and its simulation. Section 4 describes the selection of candidates from the
LHCb data set. Section 5 discusses the use of the pK−µ+µ− mass distribution, mpKµµ,
to separate signal from background in the data set. Section 6 describes correcting weights
that are needed to account for the nonuniform response of the detector in Φ. Sources of
systematic uncertainty on the measurement of the branching fraction and angular coefficients
are discussed in section 7. Results are presented in section 8 and summarised in section 9.

2 Methodology

The branching fraction of the Λ0
b → pK−µ+µ− decay is measured relative to that of the

Λ0
b → J/ψpK− decay, where the J/ψ meson subsequently decays to two oppositely charged

muons. The differential branching fraction as a function of q2 and m2
pK is

d2B(Λ0
b → pK−µ+µ−)
dq2dm2

pK

=
NΛ0

b
→pK−µ+µ−

NΛ0
b
→J/ψpK−

B(Λ0
b → J/ψpK−)B(J/ψ→ µ+µ−)

∆(q2,m2
pK)

, (2.1)

where N are the efficiency-corrected and background-subtracted yields of the decays in the
relevant q2 and mpK ranges, and ∆(q2,m2

pK) is the area of the q2 and m2
pK bin. For the

Λ0
b → J/ψpK− decay, no restriction is made on the mpK range. The branching fractions

of the Λ0
b → J/ψpK− and J/ψ → µ+µ− decays are (3.17+0.57

−0.45) × 10−2 [33] and (5.961 ±
0.033)× 10−2 [34], respectively. Experimentally, the yields are calculated by summing over
the candidates in the dataset with weight w(Φ),

N =
∑

eventn
w(Φn) . (2.2)

The weights are given by the ratio sn/ε(Φn), where: ε(Φn) is the candidate efficiency,
which depends on the candidate’s position in the five-dimensional phase space; while the sn
coefficients are calculated using the sPlot technique [35] from a fit to the four-body mass of
the candidate, and are used to statistically subtract the background in the data set. For the
Λ0
b → J/ψpK− decay, the sum runs over all candidates without restriction to a particular
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i fi(Ω) i fi(Ω)
1 1√

3P
0
0 (cos θp)P 0

0 (cos θµ) 24 1
2

√
7
3P

1
3 (cos θp)P 1

1 (cos θµ) cosϕ
2 P 0

0 (cos θp)P 0
1 (cos θµ) 25 1

2P
1
4 (cos θp)P 1

2 (cos θµ) cosϕ
3

√
5
3P

0
0 (cos θp)P 0

2 (cos θµ) 26 3
2
√

5P
1
4 (cos θp)P 1

1 (cos θµ) cosϕ

4 P 0
1 (cos θp)P 0

0 (cos θµ) 27 1
3

√
11
6 P

1
5 (cos θp)P 1

2 (cos θµ) cosϕ
5

√
3P 0

1 (cos θp)P 0
1 (cos θµ) 28

√
11
30P

1
5 (cos θp)P 1

1 (cos θµ) cosϕ
6

√
5P 0

1 (cos θp)P 0
2 (cos θµ) 29

√
5
6P

1
1 (cos θp)P 1

2 (cos θµ) sinϕ
7

√
5
3P

0
2 (cos θp)P 0

0 (cos θµ) 30
√

3
2P

1
1 (cos θp)P 1

1 (cos θµ) sinϕ
8

√
5P 0

2 (cos θp)P 0
1 (cos θµ) 31 5

3
√

6P
1
2 (cos θp)P 1

2 (cos θµ) sinϕ

9 5√
3P

0
2 (cos θp)P 0

2 (cos θµ) 32
√

5
6P

1
2 (cos θp)P 1

1 (cos θµ) sinϕ

10
√

7
3P

0
3 (cos θp)P 0

0 (cos θµ) 33 1
6

√
35
3 P

1
3 (cos θp)P 1

2 (cos θµ) sinϕ
11

√
7P 0

3 (cos θp)P 0
1 (cos θµ) 34 1

2

√
7
3P

1
3 (cos θp)P 1

1 (cos θµ) sinϕ
12

√
35
3 P

0
3 (cos θp)P 0

2 (cos θµ) 35 1
2P

1
4 (cos θp)P 1

2 (cos θµ) sinϕ
13

√
3P 0

4 (cos θp)P 0
0 (cos θµ) 36 3

2
√

5P
1
4 (cos θp)P 1

1 (cos θµ) sinϕ

14 3P 0
4 (cos θp)P 0

1 (cos θµ) 37 1
3

√
11
6 P

1
5 (cos θp)P 1

2 (cos θµ) sinϕ
15

√
15P 0

4 (cos θp)P 0
2 (cos θµ) 38

√
11
30P

1
5 (cos θp)P 1

1 (cos θµ) sinϕ
16

√
11
3 P

0
5 (cos θp)P 0

0 (cos θµ) 39 5
12

√
6P

2
2 (cos θp)P 2

2 (cos θµ) cos 2ϕ

17
√
11P 0

5 (cos θp)P 0
1 (cos θµ) 40 1

12

√
7
6P

2
3 (cos θp)P 2

2 (cos θµ) cos 2ϕ
18

√
55
3 P

0
5 (cos θp)P 0

2 (cos θµ) 41 1
12

√
2P

2
4 (cos θp)P 2

2 (cos θµ) cos 2ϕ

19
√

5
6P

1
1 (cos θp)P 1

2 (cos θµ) cosϕ 42 1
12

√
11
42P

2
5 (cos θp)P 2

2 (cos θµ) cos 2ϕ
20

√
3
2P

1
1 (cos θp)P 1

1 (cos θµ) cosϕ 43 5
12

√
6P

2
2 (cos θp)P 2

2 (cos θµ) sin 2ϕ

21 5
3
√

6P
1
2 (cos θp)P 1

2 (cos θµ) cosϕ 44 1
12

√
7
6P

2
3 (cos θp)P 2

2 (cos θµ) sin 2ϕ

22
√

5
6P

1
2 (cos θp)P 1

1 (cos θµ) cosϕ 45 1
12

√
2P

2
4 (cos θp)P 2

2 (cos θµ) sin 2ϕ

23 1
6

√
35
3 P

1
3 (cos θp)P 1

2 (cos θµ) cosϕ 46 1
12

√
11
42P

2
5 (cos θp)P 2

2 (cos θµ) sin 2ϕ

Table 1. Orthogonal basis functions for the angular terms f1(Ω)–f46(Ω) that arise for unpolarised Λ0
b

baryons decaying to Λ resonances with J ≤ 5
2 . Here, Pm

l (cos θ) are associated Legendre polynomials.
The basis follows ref. [1].

mpK bin. The variance of N is given by

Var (N) =
∑

eventn
(w(Φn))2 . (2.3)

The angular observables can be determined by calculating the moments of the angular
distribution. The rate-averaged angular coefficient across a bin is given by

Ki =
1
N

∑
eventn

w(Φn)fi(Ωn) , (2.4)

– 4 –



J
H
E
P
1
2
(
2
0
2
4
)
1
4
7

as described in ref. [1]. These angular observables are extracted with respect to the angular
basis given in table 1. Finally, the variance on the angular observables is given by

Var
(
Ki

)
= 1
N2

∑
eventn

(
w(Φn)

(
fi(Ωn)−Ki

))2
. (2.5)

3 Detector and simulation

The LHCb detector [36, 37] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of b- or c-hadron decays. The detector 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 4Tm, and three stations of silicon-strip detectors
and straw drift tubes placed downstream of the magnet. The tracking system provides a
measurement of the momentum, p, of charged particles with a relative uncertainty better than
1% for p < 200GeV/c. Different types of charged hadrons are distinguished using information
from two ring-imaging Cherenkov detectors. Muons are identified by a system comprising
alternating layers of iron and multiwire proportional chambers. The online event selection is
performed by a trigger, which comprises a hardware stage followed by two software stages.

Samples of simulated events are used to determine the efficiency, ε(Φ), and to study
sources of specific backgrounds. In the simulation, pp collisions are generated using
Pythia [38] with a specific LHCb configuration [39]. Decays of unstable particles are
described by EvtGen [40], with final-state radiation generated using Photos [41]. The
EvtGen generator does not provide models for Λ0

b → pK−µ+µ− and Λ0
b → J/ψpK− decays

that are able to describe the full decay structure. Instead, the Λ0
b baryons are decayed

according to phase-space availability. The Λ0
b → J/ψpK− decays are weighted to reproduce

the amplitude structure determined in ref. [58]. The interaction of the generated particles
with the detector, and its response, are implemented using the Geant4 toolkit [42, 43] as
described in ref. [44]. The simulated samples are corrected for known differences between
data and simulation in the Λ0

b production kinematics. Percent-level corrections are also
applied to the efficiency of the hardware trigger and to the tracking and muon identification
efficiencies. These corrections are derived from control samples of B+→ J/ψK+ decays in the
data [45]. The particle identification (PID) information for hadrons is corrected by replacing
the simulated response with values from cleanly selected samples of protons and kaons with
similar kinematic properties to the data of interest [46, 47].

4 Selection

The analysis uses data triggered in the hardware stage by either a single high transverse
momentum muon or by a pair of muons with a large transverse momentum product. The first
software stage requires an event to contain at least one good-quality track with significant
displacement from every pp collision vertex (PV) and large transverse momentum. In the
second stage, this track is combined with one or more other tracks and filtered according
to topological criteria [48, 49]. Candidates are formed by combining two muons of opposite
charge with a proton and a kaon. The muons and hadrons are required to have good-quality
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tracks, have a significant impact parameter (IP) with respect to every PV and form a common
vertex with a good vertex-fit quality. The Λ0

b candidate must have a significant transverse
momentum and be significantly displaced from every PV. The candidate is assumed to
originate from the PV with which it has the smallest IP. The candidates are required to
have an IP consistent with zero and a momentum vector aligned with the direction between
the origin and decay vertices.

A lower threshold on the angle between the directions of any pair of charged particles
is applied to remove cases where a single charged particle results in multiple reconstructed
tracks. Additional requirements are applied to remove specific sources of background. The
most dangerous sources of background arise from decays with similar topologies, where
one or more particles are incorrectly identified. For example, B0

s → K+K−µ+µ− decays,
where the K+ is mistakenly identified as a proton. Such decays are suppressed by requiring
additional particle identification criteria if the dihadron and four-body mass combination
are consistent with originating from a different decay with a similar topology. The kaon to
proton misidentification probability after particle identification requirements is typically at the
percent level. Such requirements also remove background contributions from Λ0

b → pK−µ+µ−

decays where the proton is mistakenly identified as a kaon and vice versa. Four-body hadronic
b-hadron decays form a negligible source of background.

There is also a potentially large background source from semileptonic Λ0
b → Λ+

c µ
−ν̄µ

decays, where the Λ+
c baryon decays to pK−π+ and the π+ is mistakenly identified as a muon.

Such decays are suppressed by vetoing candidates where the pK−π+ mass is consistent with
the Λ+

c baryon mass, after assigning the π+ mass hypothesis to the µ+ candidate. Processes
involving two semileptonic decays, such as Λ0

b→ Λ+
c µ

−ν̄µ with Λ+
c → pK−µ+νµ, populate the

low pK−µ+µ− mass region and can be safely ignored in the analysis. Semileptonic decays
of B0

s mesons, such as B0
s→ D−

s µ
+νµ with D−

s → K+K−µ−ν̄µ, are suppressed by requiring
that the candidate K+K−µ+µ− mass, formed by assigning the kaon mass hypothesis to
the proton candidate, is larger than 5GeV/c2.

After suppressing the major sources of specific backgrounds, the remaining background
contribution is dominated by random combinations of protons, kaons, and two oppositely
charged muons. A significant fraction of the background is found to have a dihadron system
consistent with coming from ϕ→ K+K− decays, where a kaon is mistakenly identified as a
proton. Additional particle identification criteria are applied to suppress this background.
The remaining background is further suppressed using a multivariate classifier, a boosted
decision tree [50], trained to separate simulated signal decays from candidates selected from an
upper mass sideband of the data. The classifier uses features of the data with low correlations
to the phase-space variables and the pK−µ+µ− mass: the fit quality of the Λ0

b decay vertex,
the angle between the Λ0

b momentum and its reconstructed flight direction, the pT of the Λ0
b

candidate, and the consistency of the candidate with originating from a PV. The response of
the classifier is validated on the Λ0

b → J/ψpK− data and simulation samples. The classifier
working point is chosen to maximise the expected signal significance in the data. The chosen
working point removes 98% of the combinatorial background in the upper mass sideband
and retains 74% of simulated signal decays.

– 6 –
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5 Mass distribution

The sPlot procedure [35] is used to statistically disentangle the signal and remaining back-
ground. An unbinned maximum-likelihood fit is performed to the mpKµµ distribution in
the different bins using the zfit software package [51]. The signal component is described
by a Gaussian distribution with power law tails on both sides of the peak [52], and the
combinatorial background is modelled by an exponential distribution. The tail parameters of
the signal shape are determined using the simulated samples. The peak position and width
parameters of the signal are also obtained from simulation and corrected based on fits to
the Λ0

b → J/ψpK− control sample. All bins share the peak position in simulation, as well
as the correction factors for the peak position and width in data. For the Λ0

b → J/ψpK−

sample, the other signal parameters are independent between the different mpK bins. For
the other q2 bins, the other signal parameters are shared between bins with the same q2

but different mpK values. Due to the larger size of the Λ0
b → J/ψpK− sample, the models

are modified to better describe the shapes seen in the data: the signal shape is modified
to include sigmoid activation functions on the left- and right-hand side of the distribution
to account for the effect of the finite dimuon mass window on mpKµµ; and the background
shape is modified by multiplying it by

Θ(mpKµµ −mthr)(mpKµµ −mthr)δ , (5.1)

where Θ is the Heaviside step function, mthr is the smallest allowed pK−µ+µ− mass and is
given by the sum of the known J/ψ mass [34] and mpK , and δ is a parameter that controls
the turn-on of the shape from the threshold.

Figures 1 and 2 show the mpKµµ distribution of the candidates in the different q2 and
mpK bins. The distributions are overlaid with the result of the fit. In the 6 < q2 < 8GeV2/c4

bin, the range of the mpKµµ distribution is reduced to remove background from poorly
reconstructed Λ0

b→ J/ψpK− decays that would otherwise pollute the low mass region. Table 4
in the appendix contains the yields of signal and background obtained from the fits. The
angular observables are determined for every bin of q2 and mpK that has a significant signal
contribution. For 2.20 < mpK < 5.41GeV/c2, and the bin with 1.1 < q2 < 2.0GeV2/c4 and
1.4359 < mpK < 1.5900GeV/c2, the signal yields are so small that the angular observables
cannot be reliably determined.

6 Efficiency model

The efficiency in Φ is parameterised by

ε(Φ) =
∑
hijkl

ehijklPh(m′
pK)Pi(m′

µµ)Pj(cos θp)Pk(cos θµ) cos(lϕ) , (6.1)

where Pn(x) are Legendre polynomials of order n, the ehijkl are a set of coefficients, and
m′
pK and m′

µµ are a mapping of the dihadron and dimuon masses to a square with range
[−1,+1]. This model makes no assumptions about the factorisation of the different observables.
Legendre polynomials and cos(lϕ) dependencies are used since these form an orthogonal
basis. As a result, the coefficients of the efficiency model are determined using the method

– 7 –
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2.2000 < mpK < 5.4100 GeV/c2

Figure 1. Mass distribution of selected Λ0
b → J/ψpK− candidates in bins of mpK . The data are

overlaid with the result of the fit described in the text.

of moments applied to the phase-space simulation samples. The efficiency is parameterised
using polynomials of up-to and including: order five for the transformed masses, m′

µµ and
m′
pK ; order four for cos θp; and order four for cos θµ. The angle ϕ is described by functions

up-to cos(3ϕ). The normalisation of the efficiency is arbitrary, and on average candidates
are assigned values of 1.0. If ε(Φ) < 0.15, candidates are assigned an efficiency of 0.15 to
avoid introducing large weights when determining the observables. This only affects a small
number of candidates that all sit in the sidebands of the data. The impact of the minimum
efficiency requirement is considered as a source of systematic uncertainty.

The shape of ε(Φ) arises from kinematic and geometrical requirements in the selection
and reconstruction of the proton, kaon and muons. The shape in cos θµ is symmetric as
the detection asymmetry between positively and negatively charged muons is negligible [53],
therefore odd order contributions are not considered in the model. Conversely, the shape
in cos θp is asymmetric due to the difference between the proton and kaon mass, leading
to a momentum imbalance between the particles in the detector, and due to different
momentum-dependent efficiencies of the PID requirements. For cos θp, both odd and even
order contributions are used. The efficiency tends to be largest at intermediate q2 and lower
at the q2 extremes. At small q2, the muons typically have smaller momentum and pT, and
are either not reconstructed, or do not meet the requirements of the hardware stage of the
trigger. At large q2, the hadrons are almost at rest in the Λ0

b rest frame and have small IP,
and do not meet the requirements of the software trigger or offline selection.

The efficiency model is validated by inspecting the agreement between one-dimensional
projections of the model and the simulation samples. The agreement in the five-dimensional
space is also checked using a multivariate classifier trained to separate the simulation sample
and pseudoexperiments generated from the efficiency model. Several different combinations
of polynomial orders are found to give a similar description of the simulated sample. This
set of models is used to assign a systematic uncertainty on ε(Φ).

7 Statistical and systematic uncertainties

The statistical uncertainty on the branching fraction measurements and the angular observ-
ables are determined using the variances defined in section 2. The appropriateness of the
variance, as a measure of the uncertainty, is verified with pseudoexperiments. An alternative
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Figure 2. Mass distributions of selected Λ0
b → pK−µ+µ− decay candidates in bins of mpK and q2.

The data are overlaid with the result of the fit described in the text. The shaded regions are populated
by poorly reconstructed Λ0

b → J/ψpK− decays and are excluded from the analysis.
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Source of systematic uncertainty d2B/dq2dm2
pK Ki

B(Λ0
b → J/ψpK−) 1.03 (0.35–1.58) —

Efficiency model (sample size) 0.09 (0.03–0.25) 0.07 (0.01–0.40)
Efficiency model (polynomial order) 0.10 (0.03–0.47) 0.08 (0.01–1.15)
Efficiency model (minimum value) 0.01 (0.00–0.22) 0.00 (0.00–0.99)
Efficiency model (Λ+

c veto) 0.01 (0.00–0.16) 0.00 (0.00–0.27)
Mass model (signal) 0.02 (0.00–0.18) 0.01 (0.00–0.17)
Mass model (background) 0.05 (0.00–0.95) 0.01 (0.00–0.20)
Mass model (sample size) 0.01 (0.00–0.09) 0.00 (0.00–0.05)
Peaking backgrounds 0.02 (0.00–0.09) 0.01 (0.00–0.16)
Resolution 0.00 (0.00–0.02) 0.00 (0.00–0.18)
Simulation corrections (PID) 0.02 (0.00–0.08) 0.01 (0.00–0.36)
Simulation corrections (hadronisation) 0.00 (0.00–0.02) 0.00 (0.00–0.01)
Simulation corrections (kinematic) 0.02 (0.00–0.06) 0.01 (0.00–0.08)

Table 2. Summary of different sources of systematic uncertainty on the differential branching fraction
and angular coefficients, relative to the statistical uncertainty on the measurements. The values
correspond to the median over all of the measured observables and bins. The absolute range is given
in parentheses.

estimate, obtained by bootstrapping the data set [54] and repeating the determination of
the different observables, is also considered. The two determinations give comparable results
for bins that are well populated, but the variance is found to have better coverage in poorly
populated bins and to cover correctly for the observables presented in this paper.

Several sources of systematic uncertainties are considered. For the differential branching
fraction, the dominant contribution arises from the knowledge of the branching fraction of the
Λ0
b → J/ψpK− decay. The largest systematic uncertainty on the angular coefficients stems

from the knowledge of the efficiency model. Table 2 provides a summary of the different
sources of systematic uncertainty. The total systematic uncertainty on the observables is
determined by summing the individual sources in quadrature.

Four sources of systematic uncertainty are evaluated for the efficiency model. The first
source is due to the limited size of the simulation sample. To assess the systematic impact
of this limitation, the simulated sample is bootstrapped 100 times and the determination
of the efficiency model is repeated. The observables are recalculated for each alternative
efficiency model and the widths of the resulting distributions of the observables are taken
as systematic uncertainties. The second source is due to the choice of the truncation order
of the polynomials used in the efficiency model. The size of this effect is quantified by
determining different efficiency models by either increasing or decreasing the polynomial
order of the different dimensions by one, considering only the models that provide a similarly
good description of the data to the baseline model. The observables are then determined
using these alternative efficiency models. The largest deviation from the default value among
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the models is assigned as the systematic uncertainty on each observable. Only an increase
and decrease of one is considered because very high orders of the polynomial can lead to
local regions with small or negative efficiencies in ε(Φ). The third source is due to the choice
of the minimum efficiency. The impact of this choice is estimated by repeating the analysis
on a single pseudoexperiment with a large sample size with the minimum efficiency set to
0.01. The difference in the value of observables obtained using the default minimum and
the new minimum efficiency is taken as systematic uncertainty. The Λ+

c veto removes a very
narrow region of phase space, which is difficult to model with polynomial functions. Because
the efficiency of the Λ+

c veto is 99.8% on signal simulation samples, and no candidates fall
in this region in data, this veto is not applied when determining the efficiency shape. The
fourth source of uncertainty accounts for this choice and is also determined using a single
large pseudoexperiment. The difference in absolute value between the observables calculated
from the sample when neglecting or including the Λ+

c veto is taken as systematic uncertainty.
Three sources of systematic uncertainty are evaluated for the mass models. The first

source is due to the statistical uncertainty on the signal line shape. This uncertainty is
assessed by varying the line shape parameters within their uncertainties, repeating the fits
to the data and determining new values for the observables. The width of the resulting
distributions of the observables are taken as systematic uncertainties. The second and third
sources are due to the choice of signal and background model. The systematic effect of the
model choice is estimated using pseudoexperiments generated according to an alternative
signal or background model. The observables are then determined using the baseline signal
and background models and the resulting bias is assigned as a source of systematic uncertainty.
For the signal, an alternative shape based on a modified asymmetric Apollonios function is
used [55]. For the background, a polynomial dependence is used with parameters determined
from a sample selected with a looser multivariate classifier requirement. The uncertainty due
to different signal and background line shapes is largest for 1.75 < mpK < 2.20GeV/c2.

Contributions from misidentified backgrounds with the same topology as the signal are
small and neglected in the analysis. To estimate a systematic uncertainty due to omitting
these backgrounds, a pseudoexperiment is generated with a large sample size according
to the baseline signal and background models. Additional background contributions from
misidentified particles are introduced at the expected level. The observables are then
determined using the baseline signal and background models and the resulting bias is assigned
as a systematic uncertainty. As little is known of the structure of the B0

s→ K−K+µ+µ− and
B0→ K+π−µ+µ− decays, aside from in the region around the ϕ and K∗(892)0 resonances,
the additional candidates are selected from the data after applying alternative particle
identification requirements.

The resolution of the measured particle momentum has little impact on the measured
angular observables and is neglected in the analysis. To assess the impact of this choice, a
pseudoexperiment with a large sample size is generated in which θµ, θp and ϕ are smeared
according to the resolutions on the angles determined from simulation. The observables
are then determined using the baseline model and the bias on the observables is assigned
as a systematic uncertainty.
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The determination of the efficiency is based on simulation samples that are calibrated
to better describe the data. The overall value of the calibrating weight is dominated by the
correction of the Λ0

b production kinematics. The kinematic correction is designed to correctly
reproduce the pT dependence of the Λ0

b production fraction relative to B0 and B+ mesons
measured in refs. [56] and [57], as well as the kinematic distributions of B0 and B+ mesons in
the data. A systematic uncertainty on the correction to the Λ0

b kinematics is assessed in two
ways. First, the measurements in refs. [56] and [57] are varied within their uncertainties and
new efficiency models are determined for each variation. The observables are determined in
data using the resulting alternate efficiency models. The width of the resulting distributions
of values of the different observables is assigned as a systematic uncertainty. Second, the
correction weights are also extended to include the detector occupancy. The analysis is then
repeated and the change in the values of the observables is assigned as a systematic uncertainty.
A systematic uncertainty on the hadron identification is also estimated by evaluating the
efficiency model using information sampled from an alternative set of calibration samples.
Overall, the systematic uncertainties related to the calibration are small.

8 Results and discussion

Table 3 gives the differential branching fraction for every bin. The precision in most bins is
limited by the knowledge of the Λ0

b → J/ψpK− branching fraction. Figure 3 shows the results
in bins of q2 and mpK . The branching fraction as a function of q2 in the first mpK bin is
compatible with the results presented in ref. [26]. The branching fraction obtained by summing
the contributions from different q2 and mpK bins over the ranges 0.1 < q2 < 6.0GeV2/c4

and mpK < 2.6GeV/c2 is also compatible with the measurement presented in ref. [25]. The
variation of the differential branching fraction with q2 obtained in this paper does not agree
with predictions based on a quark model [30] in any of the mpK bins. The quark model
predictions typically yield much smaller branching fractions at low-q2 than seen in the data.
A direct interpretation of the differences between the differential branching fraction in bins of
mpK and the resonance spectra in Λ0

b → J/ψpK− [58] and Λ0
b → pK−γ [59] decays is difficult,

due to the unknown interference pattern between the states in this analysis. The results are,
however, qualitatively similar, with a variety of different resonances contributing to the total
rate. The pattern is also consistent with the available phase space in the different decays.

Figures 5–10 in the appendix show the values of the complete set of angular observ-
ables. Tabulated values of all of the observables are available as attached supplementary
material. Figure 4 shows the forward-backward asymmetries of the lepton and hadron
systems computed from the observables. The lepton- and hadron-side forward-backward
asymmetries correspond to

AµFB = 3
2K2 and ApFB = 3

2K4 −
√
21
8 K10 +

√
33
16 K16 , (8.1)

respectively [1]. The lepton-side asymmetry is sensitive to interference between vector and
axial-vector contributions to the decay. This asymmetry shows the same pattern observed
in B0 → K∗0µ+µ− decays with a characteristic sign-change between low and high q2 [12].
Note that the sign of the lepton-side asymmetry in this paper differs due to the angular basis

– 12 –



J
H
E
P
1
2
(
2
0
2
4
)
1
4
7

q2

mpK [1.4359, 1.5900] [1.59, 1.75] [1.75, 2.20] [2.20, 5.41]

[0.10, 0.98] 5.22± 1.21± 0.43± 0.98 8.22± 1.69± 0.38± 1.54 7.24± 0.92± 0.52± 1.36 0.46± 0.13± 0.14± 0.09
[1.1, 2.0] 3.05± 1.45± 0.51± 0.57 6.27± 1.71± 0.40± 1.18 4.24± 0.78± 0.16± 0.80 0.16± 0.09± 0.02± 0.03
[2.0, 4.0] 4.56± 0.90± 0.26± 0.86 4.50± 0.86± 0.21± 0.84 3.44± 0.47± 0.08± 0.64 0.12± 0.05± 0.02± 0.02
[4.0, 6.0] 4.72± 0.76± 0.15± 0.89 4.29± 0.73± 0.20± 0.81 3.36± 0.41± 0.07± 0.63 0.11± 0.03± 0.02± 0.02
[6.0, 8.0] 5.08± 0.76± 0.12± 0.95 4.65± 0.79± 0.34± 0.87 2.56± 0.36± 0.05± 0.48 0.04± 0.02± 0.01± 0.01
[11, 12.5] 5.32± 0.86± 0.20± 1.00 4.53± 0.80± 0.16± 0.85 1.67± 0.28± 0.03± 0.31 —
[15.0, 17.5] 0.59± 0.19± 0.07± 0.11 — —

Table 3. Differential branching fraction, d2B/dq2dm2
pK , in units of 10−8 GeV−4c8 in bins of q2 and

mpK . The first uncertainty is statistical, the second systematic, and the third due to the uncertainty
on the Λ0

b → J/ψpK− branching fraction. The bin ranges are given in GeV/c2 for mpK and in
GeV2/c4 for q2.
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Figure 3. Differential branching fraction as a function of (left) q2 and (right) mpK . The stacked
contributions with different shading in the right figure indicate the contributions from the different q2

bins. The darker hue corresponds to smaller values of q2.

used. A large hadron-side asymmetry is seen in many of the q2 and mpK bins, especially
for 1.75 < mpK < 2.20GeV/c2. The hadron-side asymmetry is sensitive to the interference
between states with different quantum numbers.

9 Summary

An analysis of the rate and angular distribution of Λ0
b → pK−µ+µ− decays, using data

collected with LHCb detector between 2011–2018, has been presented. The analysis results in
a first measurement of the differential branching fraction of the Λ0

b → pK−µ+µ− decay across
its entire phase space, in bins of the dihadron mass and q2. The decay rate is dominated
by contributions from resonances at low dihadron masses. This paper also provides a first
measurement of a complete set of angular observables in Λ0

b → pK−µ+µ− decays for Λ
states with spin less than 5

2 . These measurements are only provided in bins with sufficient
signal yield. The angular coefficients indicate the presence of interference between states
with different quantum numbers. They also show the pattern of interference between vector
and axial-vector contributions that is characteristic of this type of rare FCNC decay. The
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Figure 4. Values of the (left) dimuon forward-backward asymmetry and (right) dihadron forward-
backward asymmetry in bins of q2 and mpK .

pattern of measurements appears consistent with SM expectations. However, a detailed
interpretation of the results requires a more complete understanding of the hadronic system
and the different contributing states.
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q2 [GeV2/c4] mpK [GeV/c2] Signal Background

0.10–0.98

1.4359–1.5900 27+6
−5 11+4

−3

1.59–1.75 35+7
−6 13+5

−4

1.75–2.20 90+10
−10 29+7

−6

2.20–5.41 32+7
−6 51+8

−8

1.1–2.0

1.4359–1.5900 15+5
−4 13+4

−4

1.59–1.75 27+6
−5 10+4

−3

1.75–2.20 52+8
−8 31+7

−6

2.20–5.41 16+6
−5 40+8

−7

2.0–4.0

1.4359–1.5900 42+7
−7 15+5

−4

1.59–1.75 45+8
−7 24+6

−5

1.75–2.20 92+11
−11 81+11

−10

2.20–5.41 24+7
−7 121+12

−12

4.0–6.0

1.4359–1.5900 48+8
−7 23+6

−5

1.59–1.75 45+8
−7 36+7

−6

1.75–2.20 91+11
−10 87+11

−10

2.20–5.41 21+7
−6 105+12

−11

6.0–8.0

1.4359–1.5900 55+9
−8 31+7

−6

1.59–1.75 51+9
−8 54+9

−8

1.75–2.20 77+11
−10 137+14

−13

2.20–5.41 10+6
−5 113+12

−11

11.0–12.5
1.4359–1.5900 49+8

−8 44+8
−7

1.59–1.75 43+8
−7 59+9

−8

1.75–2.20 49+9
−8 86+11

−10

15.0–17.0 1.4359–1.5900 14+5
−4 12+4

−4

Table 4. Signal and background yields obtained from fitting pK−µ+µ− mass distributions in the
data in the different bins of q2 and mpK .

A Signal and background yields

Table 4 provides the observed signal and background yield in each of the q2 and mpK bins from
the unbinned extended maximum-likelihood fit to pK−µ+µ− distributions. The uncertainties
on the yields are calculated from the profile likelihood [60].

B Angular observables

The values of the K2–K46 angular observables in the different q2 and mpK bins are provided
in figures 5–10.

– 15 –



J
H
E
P
1
2
(
2
0
2
4
)
1
4
7

0 5 10 15
q2 [GeV2/c4]

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

K
2

1.4359 < mpK < 1.5900 GeV/c2

1.5900 < mpK < 1.7500 GeV/c2

1.7500 < mpK < 2.2000 GeV/c2

1.4359 < mpK < 1.7500 GeV/c2

LHCb 9 fb−1

0 5 10 15
q2 [GeV2/c4]

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

K
3

1.4359 < mpK < 1.5900 GeV/c2

1.5900 < mpK < 1.7500 GeV/c2

1.7500 < mpK < 2.2000 GeV/c2

1.4359 < mpK < 1.7500 GeV/c2

LHCb 9 fb−1

0 5 10 15
q2 [GeV2/c4]

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

K
4

1.4359 < mpK < 1.5900 GeV/c2

1.5900 < mpK < 1.7500 GeV/c2

1.7500 < mpK < 2.2000 GeV/c2

1.4359 < mpK < 1.7500 GeV/c2

LHCb 9 fb−1

0 5 10 15
q2 [GeV2/c4]

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

K
5

1.4359 < mpK < 1.5900 GeV/c2

1.5900 < mpK < 1.7500 GeV/c2

1.7500 < mpK < 2.2000 GeV/c2

1.4359 < mpK < 1.7500 GeV/c2LHCb 9 fb−1

0 5 10 15
q2 [GeV2/c4]

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

K
6

1.4359 < mpK < 1.5900 GeV/c2

1.5900 < mpK < 1.7500 GeV/c2

1.7500 < mpK < 2.2000 GeV/c2

1.4359 < mpK < 1.7500 GeV/c2

LHCb 9 fb−1

0 5 10 15
q2 [GeV2/c4]

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

K
7

1.4359 < mpK < 1.5900 GeV/c2

1.5900 < mpK < 1.7500 GeV/c2

1.7500 < mpK < 2.2000 GeV/c2

1.4359 < mpK < 1.7500 GeV/c2

LHCb 9 fb−1

Figure 5. Values of K2–K7 in bins of q2 and mpK .
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Figure 6. Values of K8–K15 in bins of q2 and mpK .
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Figure 7. Values of K16–K23 in bins of q2 and mpK .
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Figure 8. Values of K24–K31 in bins of q2 and mpK .
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Figure 9. Values of K32–K39 in bins of q2 and mpK .
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Figure 10. Values of K40–K46 in bins of q2 and mpK .
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