
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Observation of the baryonic B decay B[over
¯]^{0}→Λ_{c}^{+}Λ[over ¯]K^{-}

J. P. Lees et al. (BABAR Collaboration)
Phys. Rev. D 84, 071102 — Published 11 October 2011

DOI: 10.1103/PhysRevD.84.071102

http://dx.doi.org/10.1103/PhysRevD.84.071102


DHR1051

REVIE
W

 C
OPY

NOT F
OR D

IS
TRIB

UTIO
N

BABAR-PUB-11/012
SLAC-PUB-14465
arXiv:1108.3211 [hep-ex]

Observation of the baryonic B decay B
0
→ Λ

+
c
ΛK

−

J. P. Lees,1 V. Poireau,1 V. Tisserand,1 J. Garra Tico,2 E. Grauges,2 M. Martinelliab,3 D. A. Milanesa,3

A. Palanoab,3 M. Pappagalloab,3 G. Eigen,4 B. Stugu,4 L. Sun,4 D. N. Brown,5 L. T. Kerth,5 Yu. G. Kolomensky,5

G. Lynch,5 H. Koch,6 T. Schroeder,6 D. J. Asgeirsson,7 C. Hearty,7 T. S. Mattison,7 J. A. McKenna,7 A. Khan,8

V. E. Blinov,9 A. R. Buzykaev,9 V. P. Druzhinin,9 V. B. Golubev,9 E. A. Kravchenko,9 A. P. Onuchin,9

S. I. Serednyakov,9 Yu. I. Skovpen,9 E. P. Solodov,9 K. Yu. Todyshev,9 A. N. Yushkov,9 M. Bondioli,10

D. Kirkby,10 A. J. Lankford,10 M. Mandelkern,10 D. P. Stoker,10 H. Atmacan,11 J. W. Gary,11 F. Liu,11 O. Long,11

G. M. Vitug,11 C. Campagnari,12 T. M. Hong,12 D. Kovalskyi,12 J. D. Richman,12 C. A. West,12 A. M. Eisner,13

J. Kroseberg,13 W. S. Lockman,13 A. J. Martinez,13 T. Schalk,13 B. A. Schumm,13 A. Seiden,13 C. H. Cheng,14

D. A. Doll,14 B. Echenard,14 K. T. Flood,14 D. G. Hitlin,14 P. Ongmongkolkul,14 F. C. Porter,14 A. Y. Rakitin,14

R. Andreassen,15 M. S. Dubrovin,15 Z. Huard,15 B. T. Meadows,15 M. D. Sokoloff,15 P. C. Bloom,16 W. T. Ford,16

A. Gaz,16 M. Nagel,16 U. Nauenberg,16 J. G. Smith,16 S. R. Wagner,16 R. Ayad,17, ∗ W. H. Toki,17 B. Spaan,18

M. J. Kobel,19 K. R. Schubert,19 R. Schwierz,19 D. Bernard,20 M. Verderi,20 P. J. Clark,21 S. Playfer,21

D. Bettonia,22 C. Bozzia,22 R. Calabreseab,22 G. Cibinettoab,22 E. Fioravantiab,22 I. Garziaab,22 E. Luppiab,22

M. Muneratoab,22 M. Negriniab,22 L. Piemontesea,22 R. Baldini-Ferroli,23 A. Calcaterra,23 R. de Sangro,23

G. Finocchiaro,23 M. Nicolaci,23 P. Patteri,23 I. M. Peruzzi,23, † M. Piccolo,23 M. Rama,23 A. Zallo,23 R. Contriab,24

E. Guidoab,24 M. Lo Vetereab,24 M. R. Mongeab,24 S. Passaggioa,24 C. Patrignaniab,24 E. Robuttia,24 B. Bhuyan,25

V. Prasad,25 C. L. Lee,26 M. Morii,26 A. J. Edwards,27 A. Adametz,28 J. Marks,28 U. Uwer,28 F. U. Bernlochner,29

M. Ebert,29 H. M. Lacker,29 T. Lueck,29 P. D. Dauncey,30 M. Tibbetts,30 P. K. Behera,31 U. Mallik,31 C. Chen,32

J. Cochran,32 W. T. Meyer,32 S. Prell,32 E. I. Rosenberg,32 A. E. Rubin,32 A. V. Gritsan,33 Z. J. Guo,33

N. Arnaud,34 M. Davier,34 G. Grosdidier,34 F. Le Diberder,34 A. M. Lutz,34 B. Malaescu,34 P. Roudeau,34

M. H. Schune,34 A. Stocchi,34 G. Wormser,34 D. J. Lange,35 D. M. Wright,35 I. Bingham,36 C. A. Chavez,36

J. P. Coleman,36 J. R. Fry,36 E. Gabathuler,36 D. E. Hutchcroft,36 D. J. Payne,36 C. Touramanis,36 A. J. Bevan,37

F. Di Lodovico,37 R. Sacco,37 M. Sigamani,37 G. Cowan,38 S. Paramesvaran,38 D. N. Brown,39 C. L. Davis,39

A. G. Denig,40 M. Fritsch,40 W. Gradl,40 A. Hafner,40 E. Prencipe,40 K. E. Alwyn,41 D. Bailey,41 R. J. Barlow,41, ‡

G. Jackson,41 G. D. Lafferty,41 R. Cenci,42 B. Hamilton,42 A. Jawahery,42 D. A. Roberts,42 G. Simi,42

C. Dallapiccola,43 R. Cowan,44 D. Dujmic,44 G. Sciolla,44 D. Lindemann,45 P. M. Patel,45 S. H. Robertson,45

M. Schram,45 P. Biassoniab,46 A. Lazzaroab,46 V. Lombardoa,46 N. Neriab,46 F. Palomboab,46 S. Strackaab,46

L. Cremaldi,47 R. Godang,47, § R. Kroeger,47 P. Sonnek,47 D. J. Summers,47 X. Nguyen,48 P. Taras,48 G. De

Nardoab,49 D. Monorchioab,49 G. Onoratoab,49 C. Sciaccaab,49 G. Raven,50 H. L. Snoek,50 C. P. Jessop,51

K. J. Knoepfel,51 J. M. LoSecco,51 W. F. Wang,51 K. Honscheid,52 R. Kass,52 J. Brau,53 R. Frey,53 N. B. Sinev,53

D. Strom,53 E. Torrence,53 E. Feltresiab,54 N. Gagliardiab,54 M. Margoniab,54 M. Morandina,54 M. Posoccoa,54

M. Rotondoa,54 F. Simonettoab,54 R. Stroiliab,54 E. Ben-Haim,55 M. Bomben,55 G. R. Bonneaud,55 H. Briand,55

G. Calderini,55 J. Chauveau,55 O. Hamon,55 Ph. Leruste,55 G. Marchiori,55 J. Ocariz,55 S. Sitt,55 M. Biasiniab,56

E. Manoniab,56 S. Pacettiab,56 A. Rossiab,56 C. Angeliniab,57 G. Batignaniab,57 S. Bettariniab,57 M. Carpinelliab,57, ¶

G. Casarosaab,57 A. Cervelliab,57 F. Fortiab,57 M. A. Giorgiab,57 A. Lusianiac,57 B. Oberhofab,57 E. Paoloniab,57

A. Pereza,57 G. Rizzoab,57 J. J. Walsha,57 D. Lopes Pegna,58 C. Lu,58 J. Olsen,58 A. J. S. Smith,58

A. V. Telnov,58 F. Anullia,59 G. Cavotoa,59 R. Facciniab,59 F. Ferrarottoa,59 F. Ferroniab,59 M. Gasperoab,59

L. Li Gioia,59 M. A. Mazzonia,59 G. Pireddaa,59 C. Bünger,60 O. Grünberg,60 T. Hartmann,60 T. Leddig,60
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IN2P3/CNRS, Université Pierre et Marie Curie-Paris6,
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We report the observation of the baryonic B decay B0
→ Λ+

c ΛK
− with a significance larger

than 7 standard deviations based on 471 × 106 BB pairs collected with the BABAR detector at the
PEP-II storage ring at SLAC. We measure the branching fraction for the decay B0

→ Λ+
c ΛK

− to
be (3.8± 0.8stat ± 0.2sys ± 1.0

Λ
+
c

) × 10−5. The uncertainties are statistical, systematic, and due to

the uncertainty in the Λ+
c branching fraction. We find that the Λ+

c K
− invariant mass distribution

shows an enhancement above 3.5GeV/c2.

PACS numbers: 13.25.Hw, 13.60.Rj, 14.20.Lq

While baryons are produced in (6.8 ± 0.6)% [1] of all
B-meson decays, little is known about the detailed me-
chanics of these decays and more generally about hadron
fragmentation into baryons. We can increase our under-
standing of baryon production in B decays by comparing
decay rates for related exclusive final states. In this paper
we present a measurement of the decay B0 → Λ+

c ΛK
−

[2]. Currently, no experimental results are available for
this decay.

∗Now at Temple University, Philadelphia, Pennsylvania 19122,

USA
†Also with Università di Perugia, Dipartimento di Fisica, Perugia,

Italy
‡Now at the University of Huddersfield, Huddersfield HD1 3DH,

UK
§Now at University of South Alabama, Mobile, Alabama 36688,

USA
¶Also with Università di Sassari, Sassari, Italy

This analysis is based on a dataset of about 429 fb−1,
corresponding to 471× 106 BB pairs, collected with the
BABAR detector at the PEP-II asymmetric-energy e+e−

storage ring, operated at a center-of-mass energy equal
to the Υ (4S) mass. The signal efficiency is determined
with a Monte Carlo simulation based on EvtGen [3] for
the event generation, and GEANT4 [4] for the detector
simulation. The B0 → Λ+

c ΛK
− Monte Carlo events are

generated uniformly in the Λ+
c ΛK

− phase space. Monte
Carlo simulated events are used to study background con-
tributions as well.

The BABAR detector is described in detail elsewhere
[5]. Charged particle trajectories are measured by a five-
layer double-sided silicon vertex tracker and a 40-layer
drift chamber, both immersed in a 1.5 T axial magnetic
field. Charged particle identification is provided by ion-
ization energy measurements along with Cherenkov ra-
diation detection by an internally reflecting ring-imaging
detector (DIRC).

The Λ+
c is reconstructed in the decay mode Λ+

c →
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pK−π+ and the Λ in the decay mode Λ → pπ+. For
the identification of proton, kaon, and pion candidates,
we use selection criteria based on the measurements of
the specific ionization in the tracking detectors, and of
the Cherenkov radiation in the DIRC [6].

For the identification of the p coming from the Λ+
c

the average efficiency is about 95% while the probabil-
ity of misidentifying a kaon as a proton is less than 2%.
The average efficiency for the K− identification is about
90%. The probability of misidentifying a pion as a kaon
is about 5%. These are the dominant misidentification
probabilities for each particle type. The Λ+

c daughters
and the Λ daughters are each fit to a common vertex and
the Λ+

c and the Λ candidate invariant mass is required
to lie within 3σ of the world average mass[1]; i.e., in the
range 2.273 to 2.299GeV/c2 and 1.113 to 1.119GeV/c2,
respectively. For the reconstruction of the B candidate,
the mass of the Λ+

c candidate is constrained to its nom-
inal value [1] and is combined with a Λ and a K− can-
didate. Since the Λ candidate mass is already well mea-
sured, it is not constrained.

The Λ+
c , Λ andK− candidates are then fitted to a com-

mon vertex and the confidence level of this fit is required
to exceed 0.2%.

A possible source for fake signal events is the decay
B0 → Λ+

c pK
−π+ [7], which has the same final state as

the decay under investigation. In order to suppress this
background we require that the distance between the B
vertex and the Λ vertex in the xy plane (with z par-
allel to the beam axis) exceeds 0.4 cm. This constraint
reduces combinatoric background by 18%, and the back-
ground from B0 → Λ+

c pK
−π+ by 99.6%. The expected

remaining background from this decay is determined to
be 0.1± 0.1 events[7].

The separation of signal and background in the
candidate sample is obtained by using two kine-
matic variables, ∆E = E∗

B
− √

s/2 and mES =
√

(s/2 + pi · pB)2/E2
i
− |p|2

B
, where

√
s is the e+e−

center-of-mass energy and E∗
B

the energy of the B can-
didate in the center-of-mass system. (Ei,pi) is the four-
momentum vector of the e+e− system and pB the B-
candidate momentum vector, both measured in the lab-
oratory frame. For true B decays mES is centered at the
B-meson mass and ∆E is centered at zero. B candidates
are required to have an mES value between 5.272 and
5.288GeV/c2.

Figure 1 shows the ∆E distribution of the selected can-
didates, fitted in the range from −0.12 to 0.30GeV. We
fit the signal with a Gaussian with the mean µ and width
σ fixed to the values obtained from a fit to the Monte
Carlo simulation (µ = 0.247MeV and σ = 8.381MeV),
leaving only the signal yield floating. The background is
described by a first-order polynomial. A binned maxi-
mum likelihood fit with this probability density function
(PDF) gives a signal yield of 51 ± 9 events. (For the
branching fraction measurement described later, we use
the excess number of candidates above background as

the estimate of the number of signal events.) The con-
fidence level for the null hypothesis, considering statisti-
cal uncertainties only, is 2.6 × 10−15, which corresponds
to a statistical significance of 8 standard deviations. A
possible background from B0 → Λ+

c Σ̄
0K−, which rises

slowly up to ∆E ≈ −0.06GeV and drops sharply be-
tween ∆E = −0.05GeV and −0.02GeV, is not visible in
Fig. 1.
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FIG. 1: The ∆E distribution for Λ+
c ΛK

− candidates in data
with all selection criteria applied (points). The solid line is
the overall fit result, while the dashed line is the background
component.

Since the decay dynamics of baryonic B decays are
largely unknown, we investigate the invariant-mass dis-
tribution of the two-body systems. Intermediate states
would appear as differences in the invariant-mass distri-
bution for data and for the B0 → Λ+

c ΛK
− Monte Carlo

simulation, in which the final state is generated accord-
ing to three-body phase space. Using the same function
that we used in Fig. 1, we fit the ∆E distributions for
ten ranges of the three two-body masses. The results are
compared to the phase space Monte Carlo simulation in
Fig. 2. While the m(Λ+

c Λ) and m(ΛK−) distributions
show no significant deviations, the m(Λ+

c K
−) distribu-

tion shows the data concentrated in the upper half of the
allowed mass range, contrary to the Monte Carlo simula-
tion. A possible explanation for this is a resonant decay
via a baryon resonance that has not yet been observed.
Another possibilty is enhanced rates at both m(Λ+

c Λ)
and m(ΛK−) thresholds.
Because the efficiency varies over the Dalitz plot and

the distribution of candidates in data is unknown a pri-

ori, we must use the distribution of the data events in the
Dalitz plot to estimate the efficiency. The small number
of candidates, combined with resolution and edge effects,
make the simple weighting of events by the inverse of
the efficiency problematic. Instead we determine a set
of weights to apply to the simulated events so that the
resulting weighted Monte Carlo distributions mimic the
data. We make the assumption that the dependence of
the decay dynamics on the two-body invariant masses
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FIG. 2: The m(Λ+
c Λ), m(ΛK−) and m(Λ+

c K
−) distributions

in data (points) in comparison with the Monte Carlo sample
(red histogram).

can be factorized into the product of three functions that
each depend on one invariant mass and weight the Monte
Carlo events with the function:

w[m(Λ+
c K

−),m(Λ+
c Λ),m(ΛK−]

= wa[m(Λ+
c K

−)] · wb[m(Λ+
c Λ)] · wc[m(ΛK−)]. (1)

By dividing the background subtracted m(Λ+
c K

−) dis-
tribution (Fig. 2) by the corresponding distribution

TABLE I: Two-body invariant mass distributions used for the
weighting and the corresponding reconstruction efficiency ε.
The dots indicate how often the respective mass distributions
are used to determine the weights.

m(Λ+
c K

−) m(Λ+
c Λ) m(ΛK−) Efficiency ε in %

10.90
• 8.60
• • 9.21
• • • 9.19
•• • • 8.81
•• •• • 8.80
•• •• •• 8.77

from the phase-space Monte Carlo simulation, we ob-
tain the weights wa[m(Λ+

c K
−)], which are used to weight

the Monte Carlo candidates. (If a negative weight
is required the weight is constrained to zero.) Next,
we use the weighted Monte Carlo candidates to de-
termine wb[m(Λ+

c Λ)] in the same way and then use
wa[m(Λ+

c K
−)] · wb[m(Λ+

c Λ)] to determine wc[m(ΛK−)].
After each weighting we determine the reconstruction
efficiency by a fit to the ∆E distribution for weighted
Monte Carlo. Starting with these weights, the weight-
ing is repeated until the reconstruction efficiency con-
verges and the two-body mass distributions in data and
Monte Carlo agree within statistical uncertainties. The
efficiency after each weighting is shown in Table I. Since
the m(Λ+

c K
−) distribution in data shows the strongest

deviations compared to the phase space Monte Carlo sim-
ulation we use the efficiency ε obtained after the second
weighting in m(Λ+

c K
−) [ε = 8.81%]. The comparison

between data and weighted Monte Carlo events in the
two-body masses can be seen in Fig. 3. Note that, by con-
struction, the data and simulation agree exactly for the
m(Λ+

c K
−) distribution. The close agreement in the other

two distributions shows that the form given in Eq. (1) is
adequate to describe any correlations between variables
in the data. The effect of the statistical uncertainties
in the data on the efficiency determination is described
below.

For the branching fraction calculation we determine
the number of reconstructed events by a fit to ∆E with
a first-order polynomial for the background. To avoid a
potential bias introduced by an assumption of the signal
shape, we fit the region −0.12 < ∆E < 0.30GeV exclu-
sive of the signal region −0.03 < ∆E < 0.03GeV. By
extrapolating the background yield into the signal region
and subtracting it from the integral of the histogram in
this region we obtain a signal yield of Nsig = 50 ± 11.
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FIG. 3: The background-subtracted m(Λ+
c Λ), m(ΛK−) and

m(Λ+
c K

−) distributions for data (points) and for the final
weighted Monte Carlo sample (red histogram).

This results in a branching fraction of

B(B0 → Λ+
c ΛK

−)

=
Nsig/ε

N
BB

· B(Λ+
c → pK−π+) · B(Λ → pπ+)

= (3.8± 0.8stat ± 1.0
Λ

+
c

)× 10−5, (2)

withN
BB

= N
B0+NB0 = (471±3)×106, assuming equal

production of B0B0 and B+B− in the decay of the Υ (4S).

The branching fractions B(Λ+
c → pK−π+) = (5.0±1.3)%

and B(Λ → pπ+) = (63.9± 0.5)% are the world averages
from Ref. [1].

Several sources of systematic uncertainties are inves-
tigated and summarized in Table II. Most of the un-
certainties are derived from comparisons between Monte
Carlo simulations and control samples in data. System-
atic uncertainties arise from uncertainties in charged par-
ticle reconstruction efficiencies (0.9%) and charged par-
ticle identification efficiencies (2.4%), and from statisti-
cal uncertainties in the Monte Carlo simulation (0.5%).
The systematic uncertainty on the number of BB pairs is
0.6%. The systematic uncertainty from the Λ branching
fraction amounts to 0.8%.

The systematic uncertainty introduced by neglecting a
possible B0 → Λ+

c Σ̄
0K− background is determined by

adding a PDF for this background to the fit function
used for the ∆E fit shown in Fig. 1. Allowing nonnega-
tive contributions from this background, the fit returns
a value of 0.0+1.8

−0.0. For a conservative limit on this sys-
tematic uncertainty we fix the yield to 1.8 and take the
change in the number of signal events as systematic un-
certainty (1.0%). The ∆E distribution in Fig. 1 shows
an enhancement below −0.14GeV, caused by decays of
the type B → Λ+

c ΛK
−π. Due to the limited resolution

these events could leak into the fit region from −0.12 to
0.30GeV. We determine the resulting systematic uncer-
tainty by changing the fit region to −0.10 to 0.30GeV.
The branching fraction changes by 1.8%.

The uncertainty arising from the chosen background
description is determined by repeating the fit to deter-
mine the signal yield with a second-order polynomial for
the background. The number of signal events changes
by 2.0%. A comparison between data and Monte Carlo
events shows that the mean of the ∆E distribution in
data is shifted by −0.003GeV. We determine the re-
sulting systematic uncertainty by shifting the signal re-
gion for the fit in the Monte Carlo ∆E distribution by
0.003GeV. This changes the efficiency to 8.60%, corre-
sponding to a systematic uncertainty of 0.8%.

The uncertainty due to the treatment of the three-body
phase space in the efficiency correction is estimated from
the variation of the efficiency when performing further
iterations of weighting. Table I shows a variation from
8.81% down to 8.77%. This corresponds to a systematic
uncertainty of 0.5%.

A possible additional contribution to the statistical
uncertainty coming from the efficiency determination,
where we determined the weights based on data events in
ranges of the two-body masses, is studied by performing
the efficiency correction in ranges ofm(Λ+

c K
−) only, with

unweighted Monte Carlo events. The change in over-
all reconstruction efficiency is negligible compared to the
statistical uncertainty.

Adding all contributions in quadrature we obtain a
systematic uncertainty of 4.1%. The significance of the
signal, including additive systematic uncertainties is de-
termined to be more than 7 standard deviations. This
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TABLE II: Summary of the relative systeamtic uncertainties
on the branching fraction B(B0

→ Λ+
c ΛK

−).

Source Relative syst. uncert.
Track reconstruction 0.9%
Charged particle ID 2.4%
N

BB
0.6%

B(Λ → pπ+) 0.8%
Monte Carlo statistics 0.5%
B0

→ Λ+
c Σ̄

0K− 1.0%
B → Λ+

c ΛK
−π 1.8%

∆E background description 2.0%
µ(∆E) shift 0.8%
Efficiency determination 0.5%
Total 4.1%

significance includes systematic uncertainties from the
B0 → Λ+

c Σ̄
0K− and B → Λ+

c ΛK
−π background as well

as the ∆E background description.
In summary, we observe the decay B0 → Λ+

c ΛK
− with

a significance larger than 7 standard deviations and mea-
sure a branching fraction of

B(B0 → Λ+
c ΛK

−)

= (3.8± 0.8stat ± 0.2sys ± 1.0
Λ

+
c

)× 10−5. (3)

The decay rate is not uniform over three-body phase
space; rather, it is dominant at high Λ+

c K
− mass.
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