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b → ψ(2S)pπ− is observed for the first time

using a data sample collected by the LHCb experiment in proton-proton collisions cor-

responding to 1.0, 2.0 and 1.9 fb−1 of integrated luminosity at centre-of-mass energies of

7, 8 and 13 TeV, respectively. The ψ(2S) mesons are reconstructed in the µ+µ− final

state. The branching fraction with respect to that of the Λ0
b → ψ(2S)pK− decay mode is

measured to be
B
(
Λ0

b → ψ(2S)pπ−
)

B
(
Λ0

b → ψ(2S)pK−
) = (11.4± 1.3± 0.2)% ,

where the first uncertainty is statistical and the second is systematic. The ψ(2S)p and

ψ(2S)π− mass spectra are investigated and no evidence for exotic resonances is found.
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1 Introduction

The Λ0
b baryon is the isospin-singlet ground state of a bound system of a beauty quark

and two light quarks. The high production rate of b quarks at the Large Hadron Collider

(LHC) [1–5], along with the excellent mass resolution and hadron-identification capabil-

ities of the LHCb detector, give access to a variety of decay channels of the Λ0
b baryon,

including multibody, rare, charmless and semileptonic decays [6–25]. The high signal yield

of the Λ0
b → J/ψpK− decay [15] facilitated a precise measurement of the Λ0

b lifetime [26],

while the relatively low energy released in the Λ0
b→ ψ(2S)pK− and Λ0

b→ χcpK− decays

allowed for precise measurements of the Λ0
b mass [16, 22]. A six-dimensional amplitude

analysis of the Λ0
b → J/ψpK− decay resulted in the observation of the Pc(4380)+ and

Pc(4450)+ pentaquark states decaying into the J/ψp final state [27]. Later, these states

were confirmed using a model-independent technique [28]. Subsequently, an analysis

of Cabibbo-suppressed Λ0
b → J/ψpπ− decays found evidence for contributions from

the Pc(4380)+ and Pc(4450)+ pentaquarks and from the Zc(4200)− tetraquark [29].

The first observation of Λ0
b decays to the excited charmonium state ψ(2S) was made

in the Λ0
b→ ψ(2S)Λ decay mode by the ATLAS collaboration [30]. Later, the decay

Λ0
b→ ψ(2S)pK− was observed by the LHCb collaboration [16]. The Cabibbo-suppressed

analogue of the latter decay, Λ0
b → ψ(2S)pπ−, is of particular interest because of possible

contributions from exotic states in both the ψ(2S)p system, similar to the Pc(4380)+ and

Pc(4450)+ pentaquark states, and in the ψ(2S)π− system, analogous to the charged char-

monium-like state Zc(4430)− studied in detail by the Belle and LHCb collaborations in

B→ ψ(2S)π−K decays [31–35]. Depending on the nature of a proposed exotic state, its

coupling with the ψ(2S) meson can be larger than with the J/ψ meson. For example,
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the decay rate of the X(3872) particle to the ψ(2S)γ final state was found to exceed

the corresponding decay rate to the J/ψγ final state [36, 37].

This paper reports the first observation of the decay Λ0
b→ ψ(2S)pπ− using a data

sample collected by the LHCb experiment in proton-proton collisions corresponding to 1.0,

2.0 and 1.9 fb−1 of integrated luminosity at centre-of-mass energies of 7, 8 and 13 TeV,

respectively. A measurement is made of the Λ0
b→ ψ(2S)pπ− branching fraction relative to

that of the Cabibbo-favoured decay Λ0
b→ ψ(2S)pK−,

Rπ/K ≡
B
(
Λ0

b→ ψ(2S)pπ−
)

B
(
Λ0

b→ ψ(2S)pK−
) , (1.1)

where the ψ(2S) mesons are reconstructed in the µ+µ− final state. Throughout this paper

the inclusion of charge-conjugated processes is implied.

2 Detector and simulation

The LHCb detector [38, 39] is a single-arm forward spectrometer covering the pseudo-

rapidity range 2 < η < 5, designed for the study of particles containing b or c quarks.

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 4 Tm, and three stations of

silicon-strip detectors and straw drift tubes placed downstream of the magnet. The track-

ing system provides a measurement of the momentum of charged particles with a relative

uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum

distance of a track to a primary vertex (PV), the impact parameter (IP), is measured with

a resolution of (15 + 29/pT)µm, where pT is the component of the momentum transverse

to the beam, in GeV/c. Different types of charged hadrons are distinguished using informa-

tion from two ring-imaging Cherenkov detectors (RICH). Photons, electrons and hadrons

are identified by a calorimeter system consisting of scintillating-pad and preshower detec-

tors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by

a system composed of alternating layers of iron and multiwire proportional chambers.

The online event selection is performed by a trigger [40], which consists of a hardware

stage, based on information from the calorimeter and muon systems, followed by a software

stage, which applies a full event reconstruction. The hardware trigger selects muon candi-

dates with high transverse momentum or dimuon candidates with high value of the product

of the pT of each muon. The subsequent software trigger is composed of two stages, the

first of which performs a partial event reconstruction, while full event reconstruction is

done at the second stage. In the software trigger, each pair of oppositely charged muons

forming a good-quality two-track vertex is required to be significantly displaced from all

PVs and the mass of the pair is required to exceed 2.7 GeV/c2.

The techniques used in this analysis are validated using simulated events. In the simula-

tion, pp collisions are generated using Pythia [41] with a specific LHCb configuration [42].

Decays of hadronic particles are described by EvtGen [43], in which final-state radiation
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is generated using Photos [44]. The interaction of the generated particles with the de-

tector, and its response, are implemented using the Geant4 toolkit [45, 46] as described

in ref. [47].

3 Event selection

The signal Λ0
b→ ψ(2S)pπ− and the normalization Λ0

b→ ψ(2S)pK− decays are both recon-

structed using the decay mode ψ(2S)→ µ+µ−. Similar selection criteria, based on those

used in ref. [16], are applied to both channels.

Muon, proton, pion and kaon candidates are identified using combined information

from the RICH, calorimeter and muon detectors. They are required to have a transverse

momentum larger than 550, 900, 500 and 200 MeV/c, respectively. To allow for an efficient

particle identification, kaons and pions are required to have a momentum between 3.2 and

150 GeV/c, whilst protons must have a momentum between 10 and 150 GeV/c. To reduce

the combinatorial background due to particles produced in the pp interaction, only tracks

that are inconsistent with originating from a PV are used.

Pairs of oppositely charged muons consistent with originating from a common vertex

are combined to form ψ(2S)→ µ+µ− candidates. The mass of the dimuon candidate is

required to be between 3.67 and 3.70 GeV/c2, where the asymmetric mass range around

the known ψ(2S) mass [48] is chosen to account for final-state radiation. The position

of the reconstructed dimuon vertex is required to be inconsistent with that of any of

the reconstructed PVs.

To form signal (normalization) Λ0
b candidates, the selected ψ(2S) candidates are com-

bined with a proton and a pion (kaon) of opposite charges. Each Λ0
b candidate is associated

with the PV with respect to which it has the smallest χ2
IP, where χ2

IP is defined as the dif-

ference in the vertex-fit χ2 of a given PV reconstructed with and without the particle

under consideration. To improve the Λ0
b mass resolution, a kinematic fit [49] is performed.

This fit constrains the four charged final-state particles to form common vertex, the mass

of the µ+µ− combination to the known ψ(2S) mass and the Λ0
b candidate to originate from

the associated PV. A good quality of this fit is required to further suppress combinatorial

background. In addition, the measured decay time of the Λ0
b candidate, calculated with

respect to the associated PV, is required to be between 0.2 and 2.0 mm/c to suppress poorly

reconstructed candidates and background from particles originating from the PV.

To suppress cross-feed from B0 → ψ(2S)K+π− decays with the positively charged

kaon (negatively charged pion) misidentified as a proton (antiproton) for the signal (nor-

malization) channel, a veto is applied on the Λ0
b candidate mass recalculated with a kaon

(pion) mass hypothesis for the proton. Any candidate with a recalculated mass consistent

with the nominal B0 mass is rejected. A similar veto is applied to suppress cross-feed

from B0
s → ψ(2S)K−K+ decays with the positively charged kaon misidentified as a proton,

and additionally for the signal channel, the negatively charged kaon misidentified as a pion.

Finally, to suppress cross-feed from the Λ0
b→ ψ(2S)Λ decay, followed by a Λ→ pπ− decay,

candidates with a pπ− mass that is consistent with the nominal Λ mass [48] are rejected.
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Figure 1. Mass distributions of the (left) Λ0
b→ ψ(2S)pπ− and (right) Λ0

b→ ψ(2S)pK− candidates.

4 Signal yields and efficiencies

The mass distributions for the selected Λ0
b→ ψ(2S)pπ− and Λ0

b→ ψ(2S)pK− candidates

are shown in figure 1. The signal yields are determined using unbinned extended maxi-

mum-likelihood fits to these distributions. For each distribution the Λ0
b component is de-

scribed by a modified Gaussian function with power-law tails on both sides [50, 51]. The tail

parameters are fixed to values obtained from simulation, and the peak position and reso-

lution of the Gaussian function are free to vary in the fit. The combinatorial background

component is described by a monotonic second-order polynomial function with positive cur-

vature. The resolution parameters obtained from the fits are found to be 5.23± 0.55 MeV/c2

for the Λ0
b→ ψ(2S)pπ− channel and 3.96± 0.13 MeV/c2 for the Λ0

b→ ψ(2S)pK− channel,

which are in good agreement with expectations from simulation. The signal yields are

determined to be 121±13 and 806±29 for the Λ0
b→ ψ(2S)pπ− and Λ0

b→ ψ(2S)pK− decay

modes, respectively.

The resonance structure of the Λ0
b→ ψ(2S)pπ− decay is investigated using the sPlot

technique [52] for background subtraction, with the reconstructed ψ(2S)pπ− mass as

the discriminating variable. The background-subtracted mass distributions of ψ(2S)p,

ψ(2S)π− and pπ− combinations are shown in figure 2, along with those obtained from sim-

ulated decays generated according to a phase-space model. The ψ(2S)p and ψ(2S)π− mass

distributions show no evidence for contributions from exotic states. The mass distribution

of the pπ− combination differs from the phase-space model, indicating possible contribu-

tions from excited N0 and ∆0 states. Further studies with a larger data sample will provide

a deeper insight into the underlying structure of the Λ0
b→ ψ(2S)pπ− decay.

The ratio of branching fractions Rπ/K, defined in eq. (1.1), is measured as

Rπ/K =
NΛ0

b→ψ(2S)pπ−

NΛ0
b→ψ(2S)pK−

εΛ0
b→ψ(2S)pK−

εΛ0
b→ψ(2S)pπ−

, (4.1)
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Figure 2. Background-subtracted mass distributions of the (left) ψ(2S)p, (centre) ψ(2S)π− and

(right) pπ+ combinations in the Λ0
b→ ψ(2S)pπ− decay compared with distributions obtained from

a phase-space simulation.

where N represents the measured yield and ε denotes the efficiency of the corresponding

decay. The efficiency is defined as the product of the geometric acceptance and the detec-

tion, reconstruction, selection and trigger efficiencies. The hadron-identification efficien-

cies as functions of kinematics and the event multiplicity are determined from data us-

ing the following calibration samples of low-background decays: D∗+→ D0(→ K−π+)π+,

K0
S → π+π− and D+

s → φ(→ K+K−)π+ for kaons and pions; and Λ→ pπ− and

Λ+
c → pK+π− for protons [53, 54]. The remaining efficiencies are determined using sim-

ulation. The pT and rapidity spectra and the lifetime of the Λ0
b baryons in simulated

samples are adjusted to match those observed in a high-yield low-background sample

of reconstructed Λ0
b → J/ψpK− decays. The simulated samples are produced according

to a phase-space decay model. The simulated Λ0
b → ψ(2S)pK− decays are corrected

to reproduce the pK− mass and cos θpK− distributions observed in data, where θpK− is

the helicity angle of the pK− system, defined as the angle between the momentum vec-

tors of the kaon and Λ0
b baryon in the pK− rest frame. To account for imperfections in

the simulation of charged tracks, corrections obtained using data-driven techniques are also

applied [55].

The efficiencies are determined separately for each data-taking period and are combined

according to the corresponding luminosity [56] for each period and the known production

cross-section of bb pairs in the LHCb acceptance [1–5]. The ratio of the total efficiency of

the normalization channel to that of the signal channel is determined to be

εΛ0
b→ψ(2S)pK−

εΛ0
b→ψ(2S)pπ−

= 0.761± 0.004 , (4.2)

where only the uncertainty that arises from the sizes of the simulated samples is given.

Additional sources of uncertainty are discussed in the following section. The kaon identi-

fication efficiency, entering into εΛ0
b→ψ(2S)pK− , is the main factor causing non-equality of

the total efficiencies for the signal and normalization channels.
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5 Systematic uncertainties

Since the signal and normalization decay channels have similar kinematics and topologies,

most systematic uncertainties cancel in the ratio Rπ/K, e.g. those related to muon identi-

fication. The remaining contributions to the systematic uncertainty are listed in table 1

and discussed below.

To estimate the systematic uncertainty related to the fit model, pseudoexperiments

are sampled from the baseline fit models with all parameters fixed from those obtained

from the fits to the data. For each pseudoexperiment fits are performed with a number

of alternative models for the signal and background components and the ratio Rπ/K is

computed. A generalized Student’s t-distribution [57] and an Apollonios function [58]

are used as alternative models for the signal component, while polynomial functions of

the second and the third order with various constraints for monotonicity and convexity

are used as alternative backgrounds. The maximum relative bias found for Rπ/K is 0.7%,

which is assigned as a relative systematic uncertainty.

The uncertainty related to the imperfect knowledge of the Λ0
b decay model used

for the simulation of the Λ0
b→ ψ(2S)pK− decays is estimated by varying the correction

factors obtained from kinematic distributions observed in data. Changing these correc-

tion factors within their statistical uncertainties causes a negligible variation of the effi-

ciency εΛ0
b→ψ(2S)pK− . For the Λ0

b→ ψ(2S)pπ− signal decays the observed two-body mass

distributions are in agreement with the phase-space model used in the simulation. The cor-

responding uncertainty due to the unknown decay kinematics of the Λ0
b→ ψ(2S)pπ− signal

decays is small and therefore neglected.

An additional uncertainty arises from the differences between data and simulation, in

particular those affecting the efficiency for the reconstruction of charged-particle tracks.

The small difference in the track-finding efficiency between data and simulation is corrected

using a data-driven technique [55]. The uncertainties in these correction factors together

with the uncertainties in the hadron-identification efficiencies, related to the finite size of

the calibration samples [53, 54], are propagated to the ratio of total efficiencies by means

of pseudoexperiments. This results in a systematic uncertainty of 0.2% associated with

the track reconstruction and hadron identification.

The systematic uncertainty on the efficiency of the trigger has been previously studied

using high-yield B+→ J/ψK+ and B+→ ψ(2S)K+ decays by comparing ratios of trigger

efficiencies in data and simulation [59]. Based on these comparisons a relative uncertainty

of 1.1% is assigned.

Another source of uncertainty is the potential disagreement between data and simula-

tion in the estimation of efficiencies, due to effects not considered above. This is studied

using a high-yield low-background sample of Λ0
b→ J/ψpK− decays, by varying the selection

criteria in ranges that lead to as much as ±20% differences in the measured signal yields.

The resulting variations in the efficiency-corrected yields do not exceed 1% for all inspected

selection criteria. The value of 1% is taken as a corresponding systematic uncertainty.

Finally, the 0.5% relative uncertainty in the ratio of efficiencies from eq. (4.2) is assigned

as a systematic uncertainty due to the finite size of the simulated samples.
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Source Uncertainty [%]

Fit model 0.7

Track reconstruction and hadron identification 0.2

Trigger 1.1

Selection criteria 1.0

Size of the simulation samples 0.5

Total 1.7

Table 1. Relative systematic uncertainties for the ratio of branching fractions. The total uncer-

tainty is the quadratic sum of the individual contributions.

6 Results and summary

The Cabibbo-suppressed decay Λ0
b→ ψ(2S)pπ− is observed using a data sample collected

by the LHCb experiment in proton-proton collisions corresponding to 1.0, 2.0 and 1.9 fb−1

of integrated luminosity at centre-of-mass energies of 7, 8 and 13 TeV, respectively. The ob-

served yield of Λ0
b→ ψ(2S)pπ− decays is 121 ± 13. Using the Λ0

b→ ψ(2S)pK− decay as

a normalization channel, the ratio of the branching fractions is measured to be

Rπ/K =
B
(
Λ0

b→ ψ(2S)pπ−
)

B
(
Λ0

b→ ψ(2S)pK−
) = (11.4± 1.3± 0.2)% ,

where the first uncertainty is statistical and the second is systematic. Neglecting the reso-

nance structures in the Λ0
b→ ψ(2S)pπ− and Λ0

b→ ψ(2S)pK− decays, the calculated value

for the ratio Rπ/K is

Rth
π/K ≈

Φ3

(
Λ0

b→ ψ(2S)pπ−
)

Φ3

(
Λ0

b→ ψ(2S)pK−
) × tan2 θC ' 11% ,

where Φ3 denotes the full three-body phase-space and θC is the Cabibbo angle [60].

The measured value is in a good agreement with this estimate.

The branching fraction B
(
Λ0

b→ ψ(2S)pπ−
)

is calculated using the value of

B
(
Λ0

b→ ψ(2S)pK−
)

=
(
6.29± 0.23± 0.14+1.14

−0.90

)
× 10−5 [16] as

B
(
Λ0

b→ ψ(2S)pπ−
)

=
(
7.17± 0.82± 0.33+1.30

−1.03

)
× 10−6 ,

where the first uncertainty is statistical, the second systematic (including the statistical and

systematic uncertainties from B
(
Λ0

b→ ψ(2S)pK−
)
) and the third arises from the uncer-

tainties in the branching fractions of the Λ0
b → J/ψpK−, ψ(2S)→ J/ψπ+π−, ψ(2S)→ e+e−

and J/ψ → e+e− decays [48].

The ψ(2S)p and ψ(2S)π− mass spectra are investigated and no evidence for contribu-

tions from exotic states is found. With a larger data sample a detailed amplitude analysis

of this decay could be performed, making it possible to search for small contributions from

exotic states.
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– 12 –



J
H
E
P
0
8
(
2
0
1
8
)
1
3
1

O.G. Girard43, L. Giubega32, K. Gizdov52, V.V. Gligorov8, D. Golubkov34, A. Golutvin55,70,

A. Gomes1,a, I.V. Gorelov35, C. Gotti20,i, E. Govorkova27, J.P. Grabowski12, R. Graciani Diaz40,

L.A. Granado Cardoso42, E. Graugés40, E. Graverini44, G. Graziani17, A. Grecu32, R. Greim27,

P. Griffith22, L. Grillo56, L. Gruber42, B.R. Gruberg Cazon57, O. Grünberg67, C. Gu3,

E. Gushchin36, Yu. Guz39,42, T. Gys42, C. Göbel62, T. Hadavizadeh57, C. Hadjivasiliou5,
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62 Pontif́ıcia Universidade Católica do Rio de Janeiro (PUC-Rio), Rio de Janeiro, Brazil,

associated to 2

63 University of Chinese Academy of Sciences, Beijing, China, associated to 3

64 School of Physics and Technology, Wuhan University, Wuhan, China, associated to 3

65 Institute of Particle Physics, Central China Normal University, Wuhan, Hubei, China,

associated to 3

66 Departamento de Fisica, Universidad Nacional de Colombia, Bogota, Colombia, associated to 8

67 Institut für Physik, Universität Rostock, Rostock, Germany, associated to 12

68 Van Swinderen Institute, University of Groningen, Groningen, Netherlands, associated to 27

69 National Research Centre Kurchatov Institute, Moscow, Russia, associated to 34

70 National University of Science and Technology “MISIS”, Moscow, Russia, associated to 34

71 National Research Tomsk Polytechnic University, Tomsk, Russia, associated to 34

72 Instituto de Fisica Corpuscular, Centro Mixto Universidad de Valencia - CSIC, Valencia, Spain,

associated to 40

73 University of Michigan, Ann Arbor, United States, associated to 61

74 Los Alamos National Laboratory (LANL), Los Alamos, United States, associated to 61
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