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1 Introduction

The B+
c meson, discovered in 1998 by the CDF collaboration [1, 2] at the Tevatron

pp collider, is the only known meson that contains two different heavy-flavour quarks,
charm and beauty. The high b-quark production cross-section at the Large Hadron Col-
lider (LHC) [3–8] enables the LHCb, ATLAS and CMS experiments to study in detail
the production, decays and other properties of the B+

c meson [9–35]. The B+
c meson has

a rich set of decay modes since either of the heavy quarks can decay while the other behaves
as a spectator quark, or both quarks can annihilate via a virtual W+ boson.

Decays of the B+
c meson to charmonium and light hadrons can be described using

the quantum chromodynamics (QCD) factorisation approach [36, 37], which relies on
the form factors of the B+

c → J/ψW+ transition [38–42] and on the universal spectral func-
tion for the virtualW+ boson fragmenting into light hadrons [43–45]. The spectral function
can be calculated or, alternatively, determined using the multihadron decays of the τ lepton
or e+e− annihilation to light hadrons. The phenomenological model proposed by Berezh-
noy, Likhoded and Luchinsky (BLL model) [43–49], based on this approach, describes
well the measured branching fractions for the B+

c → J/ψπ+π+π−, B+
c → ψ(2S)π+π+π−,

B+
c → J/ψK+π+π−, B+

c → J/ψK+K−π+, and B+
c → J/ψK+K+K− decays [10, 14, 35] as

well as the major characteristics of their light-hadron systems and resonance structure.
Additional measurements of the branching fractions of various B+

c decays into the final
states consisting of charmonium and multiple light hadrons would allow for more precise
tests of the factorisation hypothesis.
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Special interest in the decays of the B+
c meson to a J/ψ meson and multiple light

hadrons arises for the case where both the number of light hadrons and the energy re-
leased in the decay are large. In such a scenario, one expects that the statistical, or
quasi-classical, approach [50, 51] could be applied to describe the multibody system of
the light hadrons recoiling against the J/ψ meson. The properties of such systems of light
hadrons could be comparable to those from models used for the description of correla-
tions in multihadron production, in particular in heavy-ion collisions [52]. Experimen-
tally, evidence for 32 ± 8 decays of B+

c mesons into a J/ψ meson and five charged pions,
B+
c → J/ψ3π+2π−, was obtained by the LHCb collaboration [15]. This study was done us-

ing data collected in proton-proton (pp) collisions at centre-of-mass energies of 7 and 8TeV,
corresponding to an integrated luminosity of 3 fb−1. The measured branching fraction, rel-
ative to the B+

c → J/ψπ+ decay mode, and characteristics of the multipion system, are
consistent with expectations from the BLL model [46].

This paper reports a study of the B+
c meson decaying into final states with char-

monium and five light hadrons,1 namely B+
c → J/ψ3π+2π−, B+

c → J/ψK+K−π+π+π−,
B+
c →

(
ψ(2S)→ J/ψπ+π−)

π+π+π−, and the final state with seven charged pions,
B+
c → J/ψ4π+3π−. The analysis is based on pp collision data, corresponding to an in-

tegrated luminosity of 9 fb−1, collected with the LHCb detector at centre-of-mass energies
of 7, 8, and 13 TeV.

2 Detector and simulation

The LHCb detector [53, 54] is a single-arm forward spectrometer covering the pseudorapi-
dity range 2 < η < 5, designed for the study of particles containing b or c quarks. The de-
tector includes a high-precision tracking system consisting of a silicon-strip vertex detec-
tor surrounding the pp interaction region [55], 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 [56, 57] placed downstream of the mag-
net. The tracking 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 200GeV/c.
The momentum scale is calibrated using samples of J/ψ→ µ+µ− and B+→ J/ψK+ decays
collected concurrently with the data sample used for this analysis [58, 59]. The relative
accuracy of this procedure is estimated to be 3 × 10−4 using samples of other fully re-
constructed b hadrons, Υ and K0

S mesons. The minimum distance between a track and
a primary pp-collision vertex (PV) [60, 61], the impact parameter, is measured with a reso-
lution 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 information
from two ring-imaging Cherenkov detectors (RICH) [62]. Photons, electrons and hadrons
are identified by a calorimeter system consisting of scintillating-pad and preshower detec-
tors, an electromagnetic and a hadronic calorimeter. Muons are identified by a system
composed of alternating layers of iron and multiwire proportional chambers [63].

1Inclusion of charge-conjugate decays is implied throughout the paper.
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The online event selection is performed by a trigger [64], which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a software
stage, which performs a full event reconstruction. The hardware trigger selects muon
candidates with high transverse momentum or dimuon candidates with a high value of
the product of the transverse momenta of the two muons. In the software trigger, two
oppositely-charged muons are required to form a good-quality vertex that is significantly
displaced from any PV, and the mass of the µ+µ− pair is required to exceed 2.7GeV/c2.

Simulated events are used to model the signal mass shapes and to compute the ef-
ficiencies needed to determine the branching fraction ratios. In the simulation, pp colli-
sions are generated using Pythia [65] with a specific LHCb configuration [66]. Decays
of unstable particles are described by the EvtGen package [67], in which final-state ra-
diation is generated using Photos [68]. The decay channels in this study are simulated
using the BLL model [49, 69]. The interaction of the generated particles with the detec-
tor, and its response, are implemented using the Geant4 toolkit [70, 71] as described in
ref. [72]. To account for imperfections in the simulation of charged-particle reconstruction,
the track-reconstruction efficiency determined from simulation is corrected using calibra-
tion samples [73].

3 Event selection

The B+
c → J/ψnh± candidates, where n = 5, 7 represents the number of light hadrons

in the final state and h± stands for a charged kaon or pion, are reconstructed using
the J/ψ→ µ+µ− decay mode. The selection criteria largely follow those described in
refs. [14, 15, 35, 74]. The selection starts from reconstructed charged tracks of good qual-
ity and muon, pion and kaon candidates are identified by combining information from
the RICH, calorimeter and muon detectors [75]. The muon candidates are required to
have a transverse momentum larger than 550MeV/c. Pairs of oppositely charged muons
consistent with originating from a common vertex are combined to form J/ψ → µ+µ−

candidates. The reconstructed mass of the µ+µ− pair is required to be in the range
3.0 < mµ+µ− < 3.2GeV/c2, which approximately corresponds to a ±7σ region around the
known J/ψ meson mass [76], where σ is the µ+µ− mass resolution.

To form the B+
c candidates, the selected J/ψ candidates are combined with charged

tracks identified as kaons or pions, requiring a well reconstructed vertex. Kaons and pions
are required to have a momentum between 3.2 and 150GeV/c, to ensure a good perfor-
mance of the particle identification [62, 75]. To reduce the combinatorial background, only
tracks that are inconsistent with originating from any reconstructed PV in the event are
considered, and the scalar sum of the transverse momenta of the light-hadron candidates is
required to be larger than a minimum value. Each B+

c candidate is associated with the PV
that yields the smallest χ2

IP, where χ2
IP is defined as the difference in the vertex-fit χ2 of

a given PV reconstructed with and without the particle under consideration. To improve
the mass resolution for the B+

c candidates, a kinematic fit is performed [77]. This fit con-
strains the mass of the µ+µ− pair to the known mass of the J/ψ meson [76] and constrains
the B+

c candidate to originate from its associated PV. A requirement on the quality of
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this fit is applied to further suppress combinatorial background. Such a requirement also
reduces contributions from the B+

c decays proceeding through intermediate D+, D+
s , B+

or B0 mesons. The proper decay time of the B+
c candidate, calculated with respect to

the associated PV, is required to be lager than a minimum value, which suppresses random
combinations of J/ψ candidates and charged tracks, which include tracks originating from
the PV. The mass of selected B+

c candidates is required to be between 6.15 and 6.45GeV/c2.
For the selected B+

c → J/ψK+K−π+π+π− candidates, an excess of events is seen
in the J/ψK±π±π∓ mass spectra at the known mass of the B+ meson [76]. Sim-
ilarly, for the selected B+

c → J/ψ3π+2π− candidates a slight excess of events is
seen in the π+π+π− mass spectrum close to the known mass of the D+ me-
son [76]. Such B+

c candidates are excluded from further analysis. No ex-
cess of candidates is observed in the π+π+π− mass distribution near the mass
of the D+

s meson. For the B+
c → J/ψ3π+2π− and B+

c → J/ψK+K−π+π+π− de-
cays, the contributions from the B+

c →
(
ψ(2S)→ J/ψπ+π−)

h+h+h− decays are re-
moved by rejecting candidates with any J/ψπ+π− combination having mass within
the range 3.68 < mJ/ψπ+π− < 3.69GeV/c2. The B+

c → J/ψ3π+2π− candidates with at least
one J/ψπ+π− mass within the 3.67 < mJ/ψπ+π− < 3.70GeV/c2 range are considered as
B+
c →

(
ψ(2S)→ J/ψπ+π−)

π+π+π− candidates in the subsequent analysis.
For each decay channel, when two or more B+

c candidates are found in the same event,
only one randomly chosen candidate is retained for further analysis. The mass distribu-
tions for selected B+

c → J/ψ3π+2π−, B+
c → J/ψK+K−π+π+π−, and B+

c → J/ψ4π+3π−

candidates are shown in figure 1. Figure 2 shows the mass distributions for selected
B+
c → (ψ(2S)→ J/ψπ+π−)π+π+π− candidates and for J/ψπ+π− combinations for these

candidates.

4 Signal yields

The yields for the B+
c → J/ψnh± decays are determined using an extended unbinned max-

imum-likelihood fit. The fit is performed simultaneously to the three mass distributions
of selected B+

c → J/ψ3π+2π−, B+
c → J/ψK+K−π+π+π− and B+

c → J/ψ4π+3π− can-
didates; and to the two-dimensional distribution of the J/ψ3π+2π− mass, mJ/ψ3π+2π− ,
versus the J/ψπ+π− mass, mJ/ψπ+π− , for the B+

c → (ψ(2S)→ J/ψπ+π−)π+π+π− can-
didates. Following refs. [78, 79], to improve the resolution on the J/ψπ+π− mass for
the B+

c → (ψ(2S)→ J/ψπ+π−)π+π+π− candidates and to eliminate a small correlation
between the mJ/ψ3π+2π− and mJ/ψπ+π− variables, the mJ/ψπ+π− variable is computed [77]
by constraining the mass of the B+

c candidate to its known value [33].
For each B+

c mass distribution, the one-dimensional fit function consists of two com-
ponents:

1. signal B+
c → J/ψnh± decays, parameterised by a modified Gaussian function with

power-law tails on both sides of the distribution [80, 81]. The tail parameters are
fixed to the values obtained from simulation;

2. random J/ψnh± combinations, modelled by a first-order polynomial function.

– 4 –
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Figure 1. Mass distributions for selected (top left) B+
c → J/ψ3π+2π−, (top right)

B+
c → J/ψK+K−π+π+π− and (bottom) B+

c → J/ψ4π+3π− candidates. Projections of the fit, de-
scribed in the text, are overlaid.
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Figure 2. (Left) Distribution of the J/ψ3π+2π− mass for selected B+
c → ψ(2S)π+π+π− can-

didates with the J/ψπ+π− mass between 3.679 and 3.692GeV/c2. (Right) Distribution of
the J/ψπ+π− mass for selected B+

c → ψ(2S)π+π+π− candidates with the J/ψ3π+2π− mass be-
tween 6.245 and 6.301GeV/c2. Projections of the fit, described in the text, are overlaid.
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Decay Yield S [σ]
B+
c → J/ψ3π+2π− 268± 20 21.0

B+
c → J/ψK+K−π+π+π− 69± 11 9.1

B+
c → J/ψ4π+3π− 16± 5 4.9

B+
c → (ψ(2S)→ J/ψπ+π−)π+π+π− 40± 8 6.4

Table 1. Signal yields obtained from the simultaneous unbinned extended maximum-likelihood fit.
The uncertainties are statistical only. The last column shows the statistical significance estimated
using Wilks’ theorem, in units of standard deviations.

The two-dimensional fit function for the B+
c → (ψ(2S)→ J/ψπ+π−)π+π+π− channel is

defined as the sum of four components:

1. signal B+
c → (ψ(2S)→ J/ψπ+π−)π+π+π− decays, parameterised as the product of

B+
c and ψ(2S) signal functions each modelled by a modified Gaussian function with

power-law tails on both sides of the distribution [80, 81]. The tail parameters are
fixed to the values obtained from simulation;

2. contributions from non-resonant B+
c →

(
J/ψπ+π−)

NR π
+π+π− decays,

not proceeding through the intermediate ψ(2S) state, but falling into
the 3.67 < mJ/ψπ+π− < 3.70GeV/c2 region, parameterised as the product of
the B+

c signal function and a phase-space function describing a three-body
out of the six-body final state [82], modified by a positive linear function of
the J/ψπ+π− mass;

3. random combinations for ψ(2S) and π+π+π− candidates, parameterised as the prod-
uct of the ψ(2S) signal function and a positive linear function of the mass of
the J/ψ3π+2π− system;

4. random J/ψ3π+2π− combinations, described by a two-dimensional positive-definite
second-order polynomial function.

For all B+
c signal functions, the peak-position parameter is shared by all decays and

allowed to vary in the fit. The ratio of the mass resolutions of the B+
c decays in

data and simulation, sB+
c
, is shared by all decay modes and is allowed to vary in

the fit, to account for a discrepancy in the mass resolution between data and sim-
ulation [78, 79, 83]. The ratio of the mass resolution of the ψ(2S)→ J/ψπ+π− de-
cays in data and simulation, sψ(2S) = 1.048± 0.004, and the peak-position parameter
for the ψ(2S) signal component are Gaussian constrained to the values obtained from
a previous LHCb study [78]. The projections of the fit are overlaid in figure 1 for
B+
c → J/ψ3π+2π−, B+

c → J/ψK+K−π+π+π−, and B+
c → J/ψ4π+3π− candidates and in

figure 2 for the B+
c → (ψ(2S)→ J/ψπ+π−)π+π+π− candidates. The signal yields obtained

from the fit are listed in table 1, along with the statistical significance estimated using
Wilks’ theorem [84]. The resolution correction factors are found to be sB+

c
= 1.00± 0.06

– 6 –
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Figure 3. Mass spectra for the light-hadron system for the (top left) B+
c → J/ψ3π+2π−, (top

right) B+
c → J/ψK+K−π+π+π− and (bottom) B+

c → J/ψ4π+3π− decays. Expectations from
the BLL model are overlaid.

and sψ(2S) = 1.048± 0.004. For all previously unobserved modes, the significance is con-
firmed by simulating a large number of pseudoexperiments according to the background
distribution observed in data.

The background-subtracted mass spectra for the light-hadron system for the observed
decays of the B+

c mesons are obtained using the sPlot technique [85], based on the results of
the fit described above. The distributions are shown in figures 3 and 4 (right) together with
the expectations from the BLL model. For all cases, good agreement with the BLL model
is observed. No D+

s → 3π+2π−, D+
s → 4π+3π− or D+

s → π+π+π− signals are observed in
the studied spectra.

The background-subtracted π+π+π− mass distribution from the B+
c → J/ψ3π+2π− de-

cays is shown in figure 4 (left). The observed spectrum is in good agreement with the ex-
pectations from the BLL model. The background-subtracted π+π− mass spectra from
the B+

c → J/ψ3π+2π− and B+
c → ψ(2S)π+π+π− decays are shown in figure 5. Figures 4

and 5 contain all possible π+π+π− and π+π− combinations from a single B+
c candidate.

The fits to the π+π− mass distributions are performed using a function that contains
two terms: a component corresponding to decays via the intermediate ρ0→ π+π− resonance
and a smooth function describing the π+π− mass spectrum without a ρ0→ π+π− signal, la-
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Figure 5. Background-subtracted π+π− mass distributions from (left) B+
c → J/ψ3π+2π− (6 entries

per B+
c candidate) and (right) B+

c → ψ(2S)π+π+π− (2 entries per B+
c candidate) decays. The re-

sults of the fits described in the text are overlaid.

belled as “non-resonant” in figure 5. The resonance component is parameterised with a rel-
ativistic P-wave Breit–Wigner function with a Blatt–Weisskopf form factor with a meson
radius of 3.5GeV−1 [86]. The non-resonant component is parameterised with the product of
the phase-space function describing a two-body combination from a six-body combination
in the B+

c → J/ψ3π+2π− case and a two-body combination from a four-body combina-
tion in the B+

c → ψ(2S)π+π+π− case [82], and a positive first-order polynomial function
that accounts for the unknown decay dynamics. The results of the fits, overlaid in fig-
ure 5, are consistent with a large fraction of the decays proceeding via an intermediate
ρ0→ π+π− resonance, as expected within the BLL model. Making a more quantitative
statement would require a more complicated treatment of the multihadron system, which
is beyond the scope of this paper.

The background-subtracted K+π− and K−π+ mass spectra and the low-mass part of
the K+K− mass spectrum from the B+

c → J/ψK+K−π+π+π− decays are shown in fig-
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Figure 6. Background-subtracted (left) K±π∓ (3 entries per B+
c candidate) mass and (right)

low-mass part of the K+K− mass distribution from the B+
c → J/ψK+K−π+π+π− decays. The re-

sults of the fit described in the text are overlaid on the left plot, while expectations from
the BLL model are overlaid on the right plot.

ure 6. A fit to the K±π∓ mass spectrum is performed using a two-component function,
similar to the function described above, and consisting of a component corresponding to
decays via the intermediate K∗0 or K∗0 resonance and a smooth function describing decays
without a K∗0 or K∗0 resonance. The resonance component is parameterised with a rela-
tivistic P-wave Breit–Wigner function. Fit results are overlaid in figure 6 (left) and indicate
a presence of decays via intermediate K∗0 and K∗0 mesons. The K+K− mass spectrum,
shown in figure 6 (right), exhibits no sign of the φ resonance, in agreement both with the ex-
pected suppression of the φ meson production due to the Okubo–Zweig–Iizuka rule [87–91]
and with expectations from the BLL model. A similar suppression has been observed for
the B+

c → J/ψK+K−π+ decays [14, 35].

5 Ratios of branching fractions

Three ratios of branching fractions are reported in this paper,

RJ/ψK
+K−π+π+π−

J/ψ3π+2π− ≡ B(B+
c → J/ψK+K−π+π+π−)
B(B+

c → J/ψ3π+2π−)
, (5.1a)

RJ/ψ4π+3π−
J/ψ3π+2π− ≡

B(B+
c → J/ψ4π+3π−)

B(B+
c → J/ψ3π+2π−)

, (5.1b)

Rψ(2S)π+π+π−

J/ψ3π+2π− ≡ B(B+
c → ψ(2S)π+π+π−)× B(ψ(2S)→ J/ψπ+π−)

B(B+
c → J/ψ3π+2π−)

. (5.1c)

Each ratio of branching fractions for the decays of B+
c mesons into the final states X and

Y is calculated as
RX

Y = NX
NY
× εY
εX

, (5.2)

where N is the signal yield reported in table 1 and ε denotes the corresponding efficiency.
The efficiency is defined as the product of geometric acceptance and of reconstruction, se-
lection, hadron-identification and trigger efficiencies. All of these contributions, except that
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of the hadron-identification efficiency, are determined using simulated samples, corrected as
described in section 2. The hadron-identification efficiency is calculated separately for each
hadron track [62], determined from large calibration samples of D∗+→

(
D0→ K−π+)

π+,
K0

S→ π+π− and D+
s →

(
φ→ K+K−)

π+ decays [92]. The measured ratios of branching
fractions are

RJ/ψK
+K−π+π+π−

J/ψ3π+2π− = (33.7± 5.7)× 10−2 ,

RJ/ψ4π+3π−
J/ψ3π+2π− = (28.5± 8.7)× 10−2 ,

Rψ(2S)π+π+π−

J/ψ3π+2π− = (17.6± 3.6)× 10−2 ,

where uncertainties are statistical only and correlation coefficients are listed in table 3.

6 Systematic uncertainties

The decay channels under study have similar kinematics and topologies, therefore, many
sources of systematic uncertainty cancel in the branching fraction ratios, RXY . The remain-
ing contributions to the systematic uncertainty are summarised in table 2 and are discussed
below.

An important source of systematic uncertainty on the ratios is the imperfect knowl-
edge of the shapes of signal and background components used in the fits. To estimate this
uncertainty, several alternative models are tested. For the B+

c and ψ(2S) signal shapes,
a generalized Student’s t-distribution [93, 94] and a modified Apollonios function [95] are
employed as an alternative model. For the background components, the degree of the poly-
nomials used in the fits is increased by one. Also, the product of an exponential function
and a first-order polynomial function is considered as an alternative background shape.
The systematic uncertainty related to the fit model is estimated with large ensembles
of pseudoexperiments. For each alternative model an ensemble of pseudoexperiments is
generated and each pseudoexperiment is fitted with the baseline model. The maximal
deviations in the ratios of the mean values of signal yields over the ensemble with re-
spect to the baseline model do not exceed 2.5% for the variations of the signal model and
1.0% for the variations of background model, and are taken as systematic uncertainties.
The sample of B+

c → J/ψ3π+2π− decays is used to assess the systematic uncertainty due
to the procedure of multiple candidate exclusion, if two or more B+

c candidates are found
from the same pp collision. A large set of pseudoexperiments is performed with a random
rejection of multiple candidates. The variation of the signal yield for the B+

c → J/ψ3π+2π−

channel between the pseudoexperiments is found to be of 1.3% and this value is assigned
as the corresponding systematic uncertainty.

To assess the systematic uncertainty related to the B+
c decay model used in the simula-

tion [49, 69], the reconstructed mass distributions of the light-hadron systems in simulation
are adjusted to reproduce the distributions observed in data. The uncertainty associated
with the low yield of the target data distributions is accounted for by varying them within
their uncertainties. The changes in the ratios RXY do not exceed 5.1% and are taken as
systematic uncertainties related to the B+

c decay model.
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Source Uncertainty [%]
Fit model
Signal shape 0.1− 2.5
Background shape 0.4− 1.0

Multiple candidates exclusion 1.3
B+
c decay model 2.2− 5.1

Efficiency corrections 0.1− 1.1
Hadron interactions 0.0− 2.8
Trigger efficiency 1.1
Data-simulation difference 2.3
Size of simulated sample 1.5− 2.4
Total 4.4− 7.1

Table 2. Ranges of relative systematic uncertainties for the various ratios of branching fractions,
RXY . The total systematic uncertainty is the quadratic sum of individual contributions.

An additional uncertainty arises from the difference between data and simulation in
the reconstruction efficiency of charged-particle tracks. The track-finding efficiencies ob-
tained from simulation are corrected using data calibration samples [73]. The uncertainties
related to the correction factors, together with the uncertainty in the hadron-identification
efficiency due to the finite size of the calibration samples [62, 92], are propagated to the ra-
tio of total efficiencies using pseudoexperiments. The obtained systematic uncertainty
for the RXY ratios does not exceed 1.1%. The hadronic interaction length of the de-
tector is known with 10% uncertainty [96]. It corresponds to an additional uncertainty
for the track-finding efficiency of 1.1% (1.4%) per charged kaon (pion) track [73, 96, 97].
This uncertainty is assumed to be totally correlated and partly cancels for the ratios.
The systematic uncertainty of 1.1% related to the trigger efficiency is estimated by
comparing the ratios of trigger efficiencies in data and simulation using large samples
of B+→ J/ψK+ and B+→ ψ(2S)K+ decays [98]. Another source of uncertainty is a po-
tential disagreement between data and simulation in the estimation of efficiencies, due to
possible effects not explicitly considered above. This is studied by varying the selection
criteria of the high yield B+

c → J/ψ3π+2π− data sample in ranges that lead up to a ±20%
change in the measured signal yields. The resulting difference between the efficiencies
estimated using data and simulation does not exceed 2.3%, which is taken as a system-
atic uncertainty for the ratios RXY . The last systematic uncertainty considered is due to
the finite size of the simulated samples, and it varies between 1.5% and 2.4%. The to-
tal systematic uncertainty is estimated as the quadratic sum of individual contributions.
For each choice of the alternative fit model the statistical significance for the channels
under study is recalculated from data using Wilks’ theorem [84]. The smallest signifi-
cances found are 9.0, 5.2 and 4.7 standard deviations for the B+

c → J/ψK+K−π+π+π−,
B+
c →

(
ψ(2S)→ J/ψπ+π−)

π+π+π− and B+
c → J/ψ4π+3π− decays, respectively. These

values are taken as the significance including systematic uncertainty.
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7 Summary

Several B+
c → J/ψnh± decays are studied using proton-proton collision data, corresponding

to an integrated luminosity of 9 fb−1, collected with the LHCb detector at centre-of-mass en-
ergies of 7, 8, and 13TeV. The first observation of the decay B+

c → J/ψK+K−π+π+π− is re-
ported. The decays B+

c → J/ψ3π+2π− and B+
c → ψ(2S)π+π+π−, with ψ(2S)→ J/ψπ+π−,

are confirmed and the first evidence for the B+
c → J/ψ4π+3π− decay is obtained with

a significance of 4.7 standard deviations.
Three ratios of branching fractions, defined in eqs. (5.1), are measured as

RJ/ψK
+K−π+π+π−

J/ψ3π+2π− = (33.7± 5.7± 1.6)× 10−2 ,

RJ/ψ4π+3π−
J/ψ3π+2π− = (28.5± 8.7± 2.0)× 10−2 ,

Rψ(2S)π+π+π−

J/ψ3π+2π− = (17.6± 3.6± 0.8)× 10−2 ,

where the first uncertainty is statistical and the second systematic. Correlation coeffi-
cients for statistical and systematic uncertainties for the measured ratios of branching
fractions are given in appendix A. The mass spectra for the light-hadron system, as well
as the mass spectra for the intermediate combinations of light hadrons agree with the phe-
nomenological model by Berezhnoy, Likhoded and Luchinsky based on QCD factorisa-
tion [43–49]. The ratio RJ/ψK

+K−π+π+π−

J/ψ3π+2π− is found to be higher than the analogous ratio
of the branching fractions of the B+

c → J/ψK+K−π+ to B+
c → J/ψπ+π+π− decays, which

was measured to be equal to (18.5± 1.3± 0.6)× 10−2 [35].
The majority of branching fractions for the B+

c mesons are known relative to
the B+

c → J/ψπ+ mode. All measurements presented here can be related to the reference
B+
c → J/ψπ+ decay mode through the B+

c →
(
ψ(2S)→ J/ψπ+π−)

π+π+π− decay mode.
The most precise determination can be achieved using a combination of the measurements
of the ratio of branching fractions for the B+

c → ψ(2S)π+π+π− and B+
c → ψ(2S)π+ de-

cays in ref. [35], and the ratios of the branching fractions for the B+
c → ψ(2S)π+,

B+
c → J/ψπ+π+π− and B+

c → J/ψπ+ decays from refs. [9, 19, 20].

A Correlation matrices

The correlation coefficients for the statistical and systematic uncertainties of the measured
ratios, RXY , are shown in table 3.

RJ/ψ4π+3π−
J/ψ3π+2π− Rψ(2S)π+π+π−

J/ψ3π+2π−

(stat) (syst) (stat) (syst)

RJ/ψK
+K−π+π+π−

J/ψ3π+2π− +10 +19 +15 +33

RJ/ψ4π+3π−
J/ψ3π+2π− +8 +20

Table 3. Off-diagonal correlation coefficients (in percent) for statistical and systematic uncertain-
ties of the measured ratios RXY .
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