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We find evidence for the semileptonic baryonic decay B− → pp̄l−ν̄l (l ¼ e, μ), based on a data sample
of 772 million BB̄ pairs collected at the ϒð4SÞ resonance with the Belle detector at the KEKB asymmetric-
energy electron-positron collider. A neural-network based hadronic B-meson tagging method is used in this
study. The branching fraction of B− → pp̄l−ν̄l is measured to be ð5.8þ2.4−2.1ðstatÞ � 0.9ðsystÞÞ × 10−6 with a
significance of 3.2σ, where lepton universality is assumed. We also estimate the corresponding upper limit:
BðB− → pp̄l−ν̄lÞ < 9.6 × 10−6 at the 90% confidence level. This measurement helps constrain the
baryonic transition form factor in B decays.

DOI: 10.1103/PhysRevD.89.011101 PACS numbers: 13.20.He, 13.25.Hw, 14.40.Nd

Measurements of charmless semileptonic B decays play
an important role in the determination of the fundamental
parameter jVubj of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix [1] in the Standard Model. However, all pre-
vious efforts have mainly been focused on B̄ → Mlν̄l [2,3],
whereM stands for a charmless meson. There are no obser-
vations to date of semileptonic B decays with a charmless
baryon-antibaryon pair in the final state. The most stringent
upper limit has been set by the CLEO Collaboration with
BðB− → pp̄e−ν̄eÞ < 5.2 × 10−3 [4]. Figure 1 shows the
corresponding decay diagram.
A theoretical investigation based on phenomenological

arguments suggests that the branching fraction of exclusive
semileptonic B decays to a baryon-antibaryon pair is only
about 10−5–10−6 [5], so sensitivity to such decays with the
current data sets accumulated at the B-factories is marginal.
In fact, there have been no final states with charmed baryons

to date in semileptonicB decays. The BABAR Collaboration
only reported an upper limit of BðB̄ → Λþ

c Xl−ν̄lÞ=BðB̄ →
Λþ
c XÞ < 3.5% [6] at the 90% confidence level (C.L.).
A recent paper [7] used experimental inputs [8–12] to

estimate the B to baryon-antibaryon transition form factors
and predicted an unexpectedly large branching fraction,
ð1.04� 0.38Þ × 10−4, for B− → pp̄l−ν̄l (l ¼ e, μ).
This is at the same level as many known B̄ → Mlν̄l decays,
such as B̄ → πlν̄l [13]. This meta-analysis triggered our
direct experimental search, the results of which could be
used to improve the theoretical understanding of baryonic
B decays. If the predicted branching fraction is confirmed,
many similar decays will become accessible, and with
improved theoretical understanding, these decays will be
helpful in constraining jVubj in future.
In this study, we use the full data set of 772 × 106BB̄

pairs collected at the ϒð4SÞ resonance with the Belle
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detector [14] at the KEKB asymmetric-energy eþe− (3.5 on
8 GeV) collider [15]. The Belle detector is a large-solid-
angle magnetic spectrometer that consists of a silicon ver-
tex detector, a 50-layer central drift chamber (CDC), an
array of aerogel threshold Cherenkov counters (ACC), a
barrel-like arrangement of time-of-flight scintillation coun-
ters (TOF), and an electromagnetic calorimeter comprised
of CsI(Tl) crystals (ECL) located inside a superconducting
solenoid coil that provides a 1.5 T magnetic field. An iron
flux return located outside of the coil is instrumented to
detectK0

L mesons and to identify muons (KLM). The detec-
tor is described in detail elsewhere [14].
Monte Carlo (MC) event samples are simulated to evalu-

ate signal efficiency, optimize selection criteria and deter-
mine the shapes for signal and background distributions in
our analysis. For the signal decays, three million events are
generated for each final state lepton flavor of electron or
muon. The MC simulation takes into account the experi-
mental conditions pertaining to different running periods
of the Belle experiment and the accumulated integrated
luminosity for each period. Several MC samples are used
to estimate four categories of background: continuum
(eþe− → qq̄, where q ¼ u, d, s, c), BB̄ (modeling b →
c transitions), rare B decays and charmless semileptonic
B decays (b → ulν transitions), corresponding to 5, 5,
50 and 20 times the integrated luminosity of data, respec-
tively. All MC samples are generated using the EvtGen [16]
package, and detector simulation is performed using
GEANT [17]. Previous studies of similar baryonic B
decays, viz. B− → pp̄π− [18], B− → pp̄K− [18,19], and
B− → pp̄K�− [10], found that the proton-antiproton mass
distributions have low-mass enhancements near threshold.
We, therefore, assume that the pp̄ pairs have an invariant-
mass distribution centered at 2.2 GeV=c2 with a width of
about 0.2 GeV=c2.
We use the hadronic-tag B reconstruction method to

study B decays with a neutrino in the final state. Since
the ϒð4SÞ decays predominantly into BB̄ [13], we fully
reconstruct one B meson with selected fully hadronic
charmed final states, called Btag. The NeuroBayes algo-
rithm [20] is used to provide an assessment for the quality
of Btag reconstruction. A total of 615 exclusive charged B
hadronic decay channels are considered in the NeuroBayes
neural network to reconstruct Btag candidates. We

reconstruct signal B candidates, called Bcand, from the
remaining particles in the event. These candidates are
reconstructed using final states consisting of three charged
particles: one proton, one antiproton and one electron or
muon. To identify the neutrino, we define the missing mass
squared as

M2
miss ¼ E2

miss=c
4 − jp⃗miss=cj2; (1)

where Emiss and p⃗miss are the energy and momentum
components of the four-vector Pmiss ¼ Peþ þ Pe− −
PBtag − PBcand in the laboratory frame. In this study, we
accept events whose missing mass is in the range
−1 < M2

miss < 3 GeV2=c4.
We ensure that tracks used for Bcand reconstruction have

not been used in the Btag reconstruction. In order to remove
the secondary tracks generated by hadronic interactions
with the detector material, we require jdzj < 2.0 cm and
dr < 0.4 cm, where dz and dr denote the distances at
the point of closest approach to the interaction point (IP)
along the positron beam and in the plane transverse to this
axis, respectively. To identify charged particles, all relevant
information provided by the CDC, TOF and ACC is taken
into account. For lepton identification, additional informa-
tion is provided by the ECL and KLM. We define Lp, LK ,
Lπ , Le and Lμ as likelihoods for a particle to be identified
as a proton, kaon, pion, electron, and muon, respectively,
and the likelihood ratios: Rp=K ¼ Lp=ðLp þ LKÞ,
Rp=π ¼ Lp=ðLp þ LπÞ, Re ¼ Le=ðLe þ LotherÞ and
Rμ ¼ Lμ=ðLμ þ LotherÞ. For a track to be identified as a
proton, it is required to satisfy the condition Rp=K > 0.6
and Rp=π > 0.6, and Re and Rμ must be less than 0.95
for lepton rejection. To identify lepton candidates, tracks
with Re > 0.6, Rμ < 0.95 are regarded as electrons and
those with Rμ > 0.9, Re < 0.95 as muons. In the kin-
ematic region of interest, charged leptons are identified
with an efficiency of about 90%, while the probability
of misidentifying a pion as an electron (muon) is 0.25%
(1.4%). The proton identification efficiency is about
95%, while the probability of misidentifying a kaon or a
pion as a proton is less than 10%. The momentum of an
electron (muon) candidate in the laboratory frame must
be greater than 300 ð600Þ MeV=c. The lepton charge must
be opposite that of the Btag.
Tag-side Bmesons are identified using the beam energy–

constrained mass, Mbc ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�2
beam=c

4 − jp⃗�
B=cj2

p
, and the

energy difference, ΔE≡ E�
B − E�

beam, where E�
beam is the

run-dependent beam energy, and E�
B and p⃗�

B are the recon-
structed energy and momentum, respectively, of the Btag in
the rest frame of the ϒð4SÞ. We require that Mbc >
5.27 GeV=c2 and −0.15 < ΔE < 0.1 GeV to reject poorly
reconstructed Btag candidates. The differences in event
topology between the more spherical BB̄ events and the
dominant jetlike continuum background are used to sup-
press the latter. Here, the ratio of the second-to-zeroth

FIG. 1. Leading diagram for B− → pp̄l−ν̄l decay.
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Fox-Wolfram moments [21], the angle between the Btag

direction and the thrust axis, and the angle between the
Btag direction and the beam direction in the ϒð4SÞ rest
frame are used to construct a NeuroBayes output value
for continuum suppression ocstag. The Btag with the largest
value of ocstag within a given event is retained; we accept
events satisfying lnðocstagÞ > −7 for B− → pp̄e−ν̄e and
lnðocstagÞ > −6 for B− → pp̄μ−ν̄μ, according to the MC-
determined selection optimization.
Since there can be more than one Bcand in an event, we

select the candidate with the smallest χ2 value obtained
from a fit to the B vertex. The fraction of events with multi-
ple candidates is estimated from MC to be 0.21% for B− →
pp̄e−ν̄e and 0.17% for B− → pp̄μ−ν̄μ. The overall signal
efficiency obtained is 0.279% for B− → pp̄e−ν̄e and
0.222% for B− → pp̄μ−ν̄μ. Since the reconstruction effi-
ciency may differ between data and MC, we correct these
efficiency estimates based on control sample studies. For
proton and lepton identification, we use Λ → pπ− and
γγ → lþl− samples, respectively. The corrections are
about −4.4% and −3.1% for B− → pp̄e−ν̄e and −5.7%
and −1.7% for B− → pp̄μ−ν̄μ. For the Btag reconstruction
efficiency, we use B− → X0

cl−ν̄l samples, where X0
c

denotes a meson containing a c quark, and estimate correc-
tion factors of −14.8% for B− → pp̄e−ν̄e and −16.4% for
B− → pp̄μ−ν̄μ. Applying these corrections, the signal effi-
ciency in data is estimated to be ð0.220� 0.011Þ% for
B− → pp̄e−ν̄e and ð0.172� 0.008Þ% for B− → pp̄μ−ν̄μ.
We perform a one-dimensional extended unbinned

likelihood fit that maximizes the function

L ¼ e−ðNsigþNbkgÞ

N!

×
YN
i¼1

½NsigPsigðM2
miss

iÞ þ NbkgPbkgðM2
miss

iÞ�; (2)

where i is the event index, Nsig and Nbkg denote the fitted
yields of signal and background, and Psig and Pbkg denote
the probability density functions (PDFs) in our signal
extraction model. We use three Gaussian functions to
describe each Psig for B− → pp̄e−ν̄e and for
B− → pp̄μ−ν̄μ. For background, since no peak is present
near the signal region, we combine both continuum and
B decay backgrounds to form one PDF. We use a normal-
ized second-order Chebyshev polynomial function to re-
present Pbkg for each mode. The shape of the signal
PDF is determined from the MC simulation, while the
shape of the background is floated. The rare B decay
and b → ulν backgrounds are not included in the fit,
because less than 0.1 events are expected to be found on
average in the fitting region.
Figure 2 shows the fit results. We determine the fit sig-

nificance in terms of σ, the standard deviation of a normal
distribution, with

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi−2 ln ðL0=LmaxÞ
p

, where L0 and Lmax

represent the maximum likelihood values from the fit with
Nsig set to zero, and with all parameters allowed to float,
respectively. We also take into account the systematic
effects from the signal decay model and PDF shape. The
significance is 3.0σ for B− → pp̄e−ν̄e and 1.3σ for
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FIG. 2 (color online). Fitted missing-mass-squared distribu-
tions for (a) B− → pp̄e−ν̄e, (b) B− → pp̄μ−ν̄μ and (c) the combi-
ned fit. Points with error bars represent data, while the curves
denote various components of the fit: signal (solid red), total
background (dashed blue), and the sum of all components (solid
black). The hatched green area denotes the signal fit component
from B− → pp̄e−ν̄e and the dashed purple curve that from
B− → pp̄μ−ν̄μ.

K.-J. TIEN PHYSICAL REVIEW D 89, 011101(R) (2014)

011101-4

RAPID COMMUNICATIONS



B− → pp̄μ−ν̄μ. Assuming lepton universality and equal
branching fractions for B− → pp̄e−ν̄e and
B− → pp̄μ−ν̄μ, we obtain a combined fit result with a sig-
nificance of 3.2σ.
The systematic uncertainties on the branching fractions

are summarized in Table I and described below. Correlated
(uncorrelated) errors are added linearly (in quadrature).
Each systematic uncertainty for the combined fit is con-
servatively considered to be the larger of the uncertainties
for B− → pp̄e−ν̄e and B− → pp̄μ−ν̄μ, except for the fitting
region uncertainty.
The systematic uncertainty due to charged-track

reconstruction is estimated to be 0.35% per track, using
partially reconstructed D�þ → D0ðπþπ−π0Þπþ decays.
We estimate the uncertainty due to lepton identification
using the γγ → lþl− and the inclusive B → XJ=ψð→
lþl−Þ samples. The uncertainty of proton identification is
determined using the Λ → pπ− sample. For tag calibration,
the uncertainties are estimated to be 4.3% for each of the
two modes, using the B− → X0

cl−ν̄l sample. The uncer-
tainty due to the error on the total number of BB̄ pairs
is 1.4%. The uncertainty due to the signal MC modeling
of the pp̄ mass threshold enhancement is obtained by
comparing the efficiency difference between signal MC
and the phase space decay model. The uncertainties due
to the signal PDF shape are studied by varying each
Gaussian parameter by �1σ and observing the yield
difference. Finally, the upper bound chosen for the fitting
region which has a large effect on the fit results is varied
from 2 to 4 GeV2=c4 with a step size of 0.2 GeV2=c4;
we take 1 standard deviation of the ensemble of obtained
fit results to estimate the uncertainty. These are
conservative estimates as the statistical uncertainty is also
included.
In addition to quoting branching fractions, we also esti-

mate the corresponding upper limits at the 90% confidence
level by finding the value of N that satisfies

Z
N

0

LðnÞdn ¼ 0.9
Z

∞

0

LðnÞdn; (3)

where LðnÞ denotes the likelihood of the fit result and n is
the number of signal events. The systematic uncertainties
are taken into account by replacing LðnÞ with a convolved
likelihood function:

LðnÞ ¼
Z

∞

−∞
Lðn0Þ e

−ðn−n0Þ2=2σ2systffiffiffiffiffiffi
2π

p
σsyst

dn0; (4)

where σsyst is the systematic uncertainty of the associated
signal yield n0.
Table II summarizes our results. The upper limits

include systematic uncertainties.
In conclusion, we have performed a search for the

four-body semileptonic baryonic B decay B− →
pp̄l−ν̄l (l ¼ e, μ) using a neural-network based had-
ronic B tagging method. We find evidence for a signal
with a significance of 3.2σ and a branching fraction
of ð5.8þ2.4−2.1ðstatÞ � 0.9ðsystÞÞ × 10−6. This measurement
is consistent with the theoretical investigation in
Ref. [5]. As the statistical significance of our reported
evidence is marginal, we also set an upper limit on the
branching fraction of BðB− → pp̄l−ν̄lÞ < 9.6 × 10−6
(90% C.L.). Our result is clearly lower than the recent
meta-analysis expectation of ∼10−4 [7]. It will be inter-
esting to investigate the theoretical modeling of the
baryonic transition form factors in B decays in light of
this new information. With the proposed next-generation
B-factories, such semileptonic baryonic B decays can be
studied precisely and future results may be useful in
further constraining the corresponding CKM matrix
elements.
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TABLE I. Systematic uncertainties on the branching fractions,
in percent.

Source pp̄e−ν̄e pp̄μ−ν̄μ Combined

Track reconstruction 1.1 1.1 1.1
Proton identification 0.7 0.8 0.8
Lepton identification 2.3 1.1 2.3
Tag calibration 4.3 4.3 4.3
Number of BB̄ events 1.4 1.4 1.4
Signal decay model 3.6 12 12
PDF shape 2.1 2.8 2.8
Fitting region 3.9 18 6.1
Summary 7.7 23 15

TABLE II. Measured results and upper limits for the branching
fractions (B), where systematic uncertainties are taken into
account.

Mode B ð10−6Þ U.L. ð10−6Þ
B− → pp̄e−ν̄e 8.2þ3.7−3.2 � 0.6 13.8

B− → pp̄μ−ν̄μ 3.1þ3.1−2.4 � 0.7 8.5

Combined sample 5.8þ2.4−2.1 � 0.9 9.6
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