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Evidence for the baryonic decay B0→D0ΛΛ
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INFN Sezione di Pisaa; Dipartimento di Fisica, Università di Pisab; Scuola Normale Superiore di Pisac, I-56127 Pisa, Italy

D. Lopes Pegna, J. Olsen, and A. J. S. Smith
Princeton University, Princeton, New Jersey 08544, USA

R. Facciniab, F. Ferrarottoa, F. Ferroniab, M. Gasperoab, L. Li Gioia, and G. Pireddaa

INFN Sezione di Romaa; Dipartimento di Fisica,
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Evidence is presented for the baryonic B meson decay B0!D0�� based on a data sample of
471 � 106 BB pairs collected with the BABAR detector at the PEP-II asymmetric e+e� collider
located at the SLAC National Accelerator Laboratory. The branching fraction is determined to be
B(B0!D0��) = (9:8+2.9

�2.6 � 1:9)� 10�6, corresponding to a signi�cance of 3:4 standard deviations

including systematic uncertainties. A search for the related baryonic B meson decay B0!D0� 0�
with � 0!�
 is performed and an upper limit B(B0!D0� 0� + B0!D0�� 0) < 3:1 � 10�5 is
determined at 90% con�dence level.

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

I. INTRODUCTION

Little is known about the mechanism of baryon pro-
duction in weak decays or in the hadronization process.
Baryons are produced in (6:8 � 0:6)% of all B meson
decays [1]. Due to this large rate, B meson decays can
provide important information about baryon production.
Due to the low energy scale, perturbative quantum chro-
modynamics (QCD) cannot be applied to this process.
Furthermore, latice QCD calculations are not available.
The description of baryonic B decays thus relies on phe-
nomenological models.

�Now at the University of Tabuk, Tabuk 71491, Saudi Arabia
yAlso with Università di Perugia, Dipartimento di Fisica, Perugia,
Italy
zNow at Laboratoire de Physique Nucláire et de Hautes Energies,
IN2P3/CNRS, Paris, France
xNow at the University of Huddersfield, Huddersfield HD1 3DH,
UK
{Deceased
��Now at University of South Alabama, Mobile, Alabama 36688,
USA
yyAlso with Università di Sassari, Sassari, Italy
zzAlso with INFN Sezione di Roma, Roma, Italy
xxNow at Universidad Técnica Federico Santa Maria, Valparaiso,
Chile 2390123

Pole models [2] are a common tool used in theoretical
studies of hadronic decays. Meson pole models predict
an enhancement at low baryon-antibaryon masses. In
many three-body decays into a baryon, an antibaryon
and a meson, the baryon-antibaryon pair can be de-
scribed by a meson pole, i.e., the decay of a virtual
meson with a mass below threshold. This leads to a
steeply falling amplitude at the threshold of the baryon-
antibaryon mass, and explains the enhancement observed
in decays such as B�!�cp�

� [3, 4], B�!ppK� [5{7],
and B0!D0pp [8, 9].

In addition to the meson pole models described above,
there are baryon pole models in which the initial state de-
cays through the strong interaction into a pair of baryons.
Then, one of these baryons decays via the weak interac-
tion into a baryon and a meson. For such baryon pole
models no enhancement at threshold in the dibaryon in-
variant mass is expected.

The decay of a B meson into a D0 meson and a pair
of baryons has been the object of several theoretical in-
vestigations [10, 11]. Ref. [11] predicts the branching
fractions for B0!D0�� decays and for the sum of the
B0!D0�� 0 and B0!D0� 0� decays to be

B(B0!D0��) = (2� 1)� 10�6;

B(B0!D0�� 0 +B0!D0� 0�) = (1:8� 0:5)� 10�5:
(1)

It is impractical to separate the B0!D0�� 0 and B0!
D0� 0� decays since each leads to the �nal state ��
.
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ū

u
d
q

q̄

ū
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FIG. 1: Leading-order Feynman diagrams for the decays B0!D0NN. Setting q = u leads to the D0pp �nal state and setting
q = s to the D0��, D0� 0�, D0�� 0, and D0� 0� 0 �nal states.

As can be seen from the Feynman diagrams shown in
Fig. 1, the only di�erence between the B0!D0pp decay
on the one hand and the B0!D0�� and B0!D0� 0�
decays on the other hand is the replacement of a uu pair
with an ss pair. In the hadronization process, ss-pair
production is suppressed by about a factor of three com-
pared to uu- or dd-pair production [12]. Furthermore,
since both � and � 0 baryons can be produced, there
are four possible �nal states with an ss pair (��, �� 0,
� 0�, and � 0� 0) compared to only one for a uu pair
(pp), neglecting the production of excited baryons. As-
suming equal production rates for these four modes and
that the spin-1=2 states dominate, a suppression of a fac-
tor of �12 is expected for B0!D0�� decays compared
to B0!D0pp decays, where the branching fraction of the
latter process is B(B0!D0pp) = (1:04� 0:04)�10�4 [1].

The branching fraction for B0!D0�� has been mea-
sured by the Belle Collaboration to be B(B0!D0��) =
(10:5+5:7

�4:4�1:4)�10�6 [13]. There are no previous results

for the B0!D0� 0� decay mode.

II. THE BABAR EXPERIMENT

This analysis is based on a data sample of 429 fb�1

[14], corresponding to 471�106 BB pairs, collected with
the BABAR detector at the PEP-II asymmetric-energy
e+e� collider at the SLAC National Accelerator Labo-
ratory at center-of-mass energies near and equal to the
� (4S) mass. The reconstruction e�ciency is determined
through use of Monte Carlo (MC) simulation, based on
the EvtGen [15] program for the event generation and
the GEANT4 [16] package for modeling of the detector
response. The MC events are generated uniformly in the
B0!D0�� and B0!D0� 0� phase space.

The BABAR detector is described in detail elsewhere
[17, 18]. Charged particle trajectories are measured with
a �ve-layer double-sided silicon vertex tracker and a 40-
layer drift chamber immersed in a 1:5 T axial mag-
netic �eld. Charged particle identi�cation is provided by
ionization energy measurements in the tracking cham-
bers and by Cherenkov-radiation photons recorded with
an internally re
ecting ring-imaging detector. Electrons

and photons are reconstructed with an electromagnetic
calorimeter.

III. RECONSTRUCTION OF Λ BARYON, D0

MESON, AND B0 MESON CANDIDATES

We reconstruct � baryons through the decay mode
� ! p�� and D0 mesons through the modes D0 !
K��+, D0 ! K��+�+��, and D0 ! K��+�0 [19].
Charged kaon and proton candidates are required to sat-
isfy particle identi�cation criteria. Charged pions are se-
lected as charged tracks that are not identi�ed as a kaon
or proton.

Candidate �0 mesons are reconstructed from two sep-
arated energy deposits in the electromagnetic calorime-
ter not associated with charged tracks. To discriminate
against neutral hadrons, the shower shape of each de-
posit is required to be consistent with that of a photon
[20]. Furthermore, we require E(
1) > 0:125 GeV and
E(
2) > 0:04 GeV, where E(
1) and E(
2) are the ener-
gies of the photon candidates, with E(
1) > E(
2). The
photon-photon invariant mass is required to lie in the
range m(

) 2 [0:116; 0:145] GeV=c2.

The � daughters are �t to a common vertex and the re-
constructed mass is required to lie within three standard
deviations of the nominal value [1], where the standard
deviation is the mass resolution. We select � candidates
by requiring the 
ight signi�cance Lt=�Lt to exceed 4,
where Lt is the � 
ight length in the transverse plane
and �Lt its uncertainty. The � 0 baryons are produced in
the decay � 0!�
, and the photon is not reconstructed.

TheD0 daughter candidates are �t to a common vertex
and the reconstructed mass is required to lie within three
times the mass resolution from their nominal values [1].
The signal-to-background ratio for D0!K��+�0 is im-
proved by making use of the resonant substructure of this
decay, which is well known. Using results from the E691
Collaboration [21], we calculate the probability wDalitz

for a D0 candidate to be located at a certain position in
the Dalitz plane. We require wDalitz > 0:02. Figure 2
shows the Dalitz plot distributions, based on simulation,
for candidates selected with and without the wDalitz re-
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FIG.2: DalitzplotforsimulatedD0→K−π+π0eventsbe-
fore(graystars)andafter(blackcrosses)thewDalitz >0.02
requirement.Resonantdecaysareindicated.

quirement.
TheD0andΛcandidatesareconstrainedtotheirnom-
inalmassesinthereconstructionoftheB0candidates.
Weapplyafittotheentiredecaychainandrequirethe
probabilityforthevertexfittobelargerthan0.001.
Toreducebackgroundfrome+e−→qqeventswithq=

u,d,s,c,weapplyaselectiononaFisherdiscriminantF
thatcombinesthevaluesof|cosθThr|,whereθThristhe
anglebetweenthethrustaxisoftheBcandidateandthe
thrustaxisformedfromtheremainingtracksandclusters
intheevent;|cosθz|,whereθzistheanglebetweenthe
Bthrustaxisandthebeamaxis;|cosφ|,whereφisthe
anglebetweentheBmomentumandthebeamaxis;and
thenormalizedsecondFox Wolframmoment[22]. All
thesequantitiesaredefinedinthecenter-of-massframe.
AllselectioncriteriaaresummarizedinTableI.

TABLEI:Summaryofselectioncriteria.

Selectioncriterion Selectedcandidates

Λ/Λmass mpπ∈[1.112,1.120]GeV/c
2

Flightsignificance Lt/σLt>4
D0→K−πmass mKπ ∈[1.846,1.882]GeV/c

2

D0→K−π+π+π− mass mKπππ ∈[1.852,1.876]GeV/c
2

Lateralparameterγ1 0.05<LAT(γ1)<0.55
Lateralparameterγ2 LAT(γ2)>0.075
Calorimeterenergyγ1 E(γ1)>0.125GeV
Calorimeterenergyγ2 E(γ2)>0.04GeV
π0mass mγγ∈[0.116,0.145]GeV/c

2

D0→K−π+π0mass mKππ0∈[1.81,1.89]GeV/c
2

Dalitzweight wDalitz>0.02
Bvertexprobability p(B)>0.001
Fisherdiscriminant F>0.1

IV. FITSTRATEGY

Wedeterminethenumberofsignalcandidateswitha
two-dimensionalunbinnedextendedmaximumlikelihood
fittotheinvariantmassm(D0ΛΛ)andtheenergysub-
stitutedmassmES.Thelatterisdefinedas

mES= (s/2+p0·pB)
2/E20−|p|

2
B , (2)

where
√
sisthecenter-of-massenergy,pB theBcan-

didate’s momentum,and(E0,p0)thefour-momentum
vectorofthee+e− system,eachgiveninthelaboratory
frame. Bothm(D0ΛΛ)andmESarecenteredattheB
massforwellreconstructedBdecays.
Duetothesmall massdifferenceof76.9MeV/c2[1]
betweentheΛandΣ0baryons,B0→D0Σ0Λdecays,
wheretheΣ0decaysradiativelyasΣ0→Λγ,areasource
ofbackground.SucheventspeakattheBmassinmES
andareslightlyshiftedinm(D0ΛΛ)withrespecttoB0→
D0ΛΛ(Fig.3). Weaccountforthisdecaybyincluding
anexplicitterminthelikelihoodfunction(seebelow),
whoseyieldisdeterminedinthefit.
Wedividethedatasampleintothreesubsamplescor-
respondingtotheD0decaymodes.Giventheirdifferent
signal-to-backgroundratios,wedeterminethenumberof
signalcandidatesinasimultaneousfittothethreein-
dependentsubsamples. WedescribeeachB0→D0ΛΛ
signalsamplewiththeproductofaNovosibirskfunc-
tioninmES andasumoftwoGaussianfunctionsf

GG

inm(D0ΛΛ)assumingthatmESandm(D
0ΛΛ)arenot

correlated. Westudysimulatedsamplesofsignaland
backgroundeventsandfindnosignificantcorrelationbe-
tweenmESandm(D

0ΛΛ). TheNovosibirskfunctionis
definedas

fNovo(mES)=exp−
1

2

ln2[1+λα(mES−µ)]

α2
+α2 ,

λ=sinh(α
√
ln4)/(σα

√
ln4),

(3)

withµthemeanvalue,σthewidth,andαthetailpa-
rameter. ThedecayB0→D0Σ0Λisdescribedbythe

productofaNovosibirskfNovo1,Σ
0

functioninmESand

asumofanotherNovosibirskfunctionfNovo2,Σ
0

anda

GaussianGΣ
0

inm(D0ΛΛ). Allparametersaredeter-
minedusingMonteCarlosimulatedeventsandarefixed
inthefinalfit.Backgroundfrome+e−→qqeventsand
otherBmesondecaysismodeledbytheproductofan
ARGUSfunction[23]inmESandafirstorderpolynomial
inm(D0ΛΛ).
Thefullfitfunctionisdefinedas
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FIG.3:DistributionsforB0→D0ΛΛ(left)andB0→D0Σ0ΛreconstructedasB0→D0ΛΛ(right)fortheD0→K−π+ mode
insimulatedevents.

fFitj =fΛj+f
Σ0

j +fBkgj

=fNovo,Λj (mES)×f
GG
j m(D0ΛΛ)+fNovo1,Σ

0

j (mES)× f
Novo2,Σ0

j m(D0ΛΛ)+GΣ
0

j m(D0ΛΛ)

+fARGUSj (mES)×f
Poly
j m(D0ΛΛ),

(4)

wheretheindexjcorrespondstothethreeD0decay
modes.
Thebranchingfractionisdeterminedfrom

B(B0→D0ΛΛ)=
N(B0→D0ΛΛ)

2NB0B0×ε
Λ

×
1

B(Λ→pπ)2B(D0→X)
,

(5)

whereN(B0→D0ΛΛ)isthefittedsignalyield,NB0B0the

numberoftheB0B0pairsassumingB(Υ(4S)→B0B0)=
0.5,εΛthetotalreconstructionefficiency,andB(Λ→pπ)

andB(D0→X)thebranchingfractionsforthedaughter
decaysofΛandD0,respectively.Ananalogousexpres-
sionholdsforB(B0→D0Σ0Λ). Weperformasimulta-
neousfitofthethreeD0decaychannelstoobtain:

NΛ=
N(B0→D0ΛΛ)

εΛB(D0→X)
,

NΣ0=
N(B0→D0Σ0Λ)

εΣ0B(D0→X)
.

(6)

Thelikelihoodfunctionisgivenby

L=
j

e
− εΛjBjNΛ+N

Bkg
j +εΣ

0

j BjNΣ 0

N(j)!

N(j)

k

εΛjBjNΛf
Λ
j mESk,m(D

0ΛΛ)k +N
Bkg
j fBkgj mESk,m(D

0ΛΛ)k

+εΣ
0

j BjNΣ0fΣ
0

j mESk,m(D
0ΛΛ)k ,

(7)

whereBjisthebranchingfractionforthejthD
0decay,

NBkgj thenumberofcombinatorialbackgroundeventsin

thejthsubsample,NΛandNΣ0theyieldsofB0→D0ΛΛ

andB0→D0Σ0Λ,andεΛjandε
Σ0

j theefficienciesforthe

jthD0decay.
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V. SYSTEMATIC UNCERTAINTIES

We consider the following systematic uncertainties: the
uncertainties associated with the number of BB events,
the particle identi�cation (PID) algorithm, the tracking
algorithm, the �0 reconstruction, theD0 and � branching
fractions, the e�ciency correction, and the �tting algo-
rithm.

The uncertainty associated with the number of BB
pairs is 0:6%. We determine the systematic uncertainty
associated with the PID by applying di�erent PID se-
lections and comparing the result with the nominal se-
lection. The di�erence is 0:8%, which is assigned as the
PID uncertainty. The systematic uncertainty associated
with the tracking algorithm depends on the number of
charged tracks in the decay. We assign a systematic un-
certainty of 0:9% for the D0!K��+ and D0!K��+�0

decays and 1:2% for the D0!K��+�+�� decay. A 3%
uncertainty is assigned to account for the �0 reconstruc-
tion in D0!K��+�0 decays. A detailed description of
these detector-related systematic uncertainties is given in
Ref. [18].

We rely on the known D0 branching fractions in our
�t. To estimate the associated systematic uncertainty we
vary each branching fraction by one standard deviation of
its uncertainty [1] and de�ne the systematic uncertainty
to be the maximum deviation observed with respect to
the nominal analysis. We divide m(��) into six bins and
determine the total reconstruction e�ciency "i in each
bin. We determine the uncertainty due to the use of the
average e�ciency �" by studying j"i � �"j=�" as a function
of m(��). We average these values and take the result
of 16:3% (D0 ! K��+), 19:6% (D0 ! K��+�0), and
16:8% (D0 ! K��+�+��) as our estimate of the sys-
tematic uncertainty for the e�ciency. We estimate the
systematic uncertainty due to the �t procedure by inde-
pendently varying the �t ranges of mES and m(D0��).
The largest di�erences in the signal yield are 3:9% for the
change of themES �t range and 2:1% for the change of the
m(D0��) �t range. To check our background model, we
use a second-order polynomial in m(D0��) instead of a
�rst-order polynomial. The signal yield changes by 1:1%.
We use an ensemble of simulated data samples re
ecting
our �t results to verify the stability of the �t. We gen-
erate 1000 such samples with shapes and yields �xed to
our results and repeat the �nal �t. We �nd no bias in
the signal-yield results. All systematic uncertainties are
summarized in Table II.

The total systematic uncertainty, obtained by adding
all sources in quadrature, is 20:1%.

TABLE II: Summary of the systematic uncertainties for B0!
D0��.

Source Relative uncertainty

BB counting 0:6%
Particle identi�cation 0:8%
Tracking
D0!K��+ 0:9%
D0!K��+�0 0:9%
D0!K��+�+�� 1:2%

�0 systematics
D0!K��+�0 3:0%

D0 and � branching fractions 2:9%
E�ciency correction
D0!K��+ 16:3%
D0!K��+�0 19:6%
D0!K��+�+�� 16:8%

Fit procedure 4:6%
Total uncertainty 20:1%

VI. RESULTS

The one-dimensional projections of the �t are shown
in Fig. 4. We �nd

N� = 1880+560
�500;

N� 0 = 2870+1680
�1560:

(8)

The statistical signi�cance is calculated asp
�2 logL0=LS , where L0 is the likelihood value

for a �t without a signal component and LS is the
likelihood value for the nominal �t. The statistical sig-
ni�cance of the combined B0!D0�� and B0!D0� 0�
yields is 3:9 standard deviations (�), while those of the
individual B0 ! D0�� and B0 ! D0� 0� results are
3:4� and 1:2�, respectively. Compared to the statistical
uncertainty the additive systematic uncertainties are
negligible. We therefore quote the statistical signi�cance
as the global signi�cance.

The branching fractions are

B(B0!D0��) =
�
9:8+2:9
�2:6 � 1:9

�
� 10�6;

B(B0!D0� 0�+B0!D0�� 0) =�
15+9
�8 � 3

�
� 10�6;

(9)

where the �rst uncertainties represent the statistical un-
certainties and the second the systematic uncertainties.
As a cross-check of the method, independent �ts to the
three sub-samples are performed. The results of each of
these �ts are consistent with each other and with the
nominal combined �t.

Since the statistical signi�cance for B(B0!D0� 0�+
B0!D0�� 0) is low, a Bayesian upper limit at the 90%
con�dence level is calculated by integrating the likelihood
function:

B(B0!D0� 0�+B0!D0�� 0) < 3:1� 10�5: (10)
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FIG.4: Resultsofthecombinedfit. ThemES projectionisshownform(D
0ΛΛ)∈[5.15,5.31]GeV/c2andthem(D0ΛΛ)

projectionformES∈[5.272,5.286]GeV/c
2.Thesolidlineshowstheresultofthefit,thedashedcurveindicatestheB0→D0Σ0Λ

contribution,andtheshadedhistogramthecombinatorialbackground.Fromtoptobottom:D0→K−π+,D0→K−π+π0,and
D0→K−π+π+π− subsamples.

Toinvestigatethethresholddependence,weperform
thefitinbinsofm(ΛΛ)andexaminetheresultingdistri-
butionafteraccountingforthereconstructionefficiency
andD0branchingfractions. Theresultsareshownin
Fig.5.NoenhancementintheB0→D0ΛΛeventrateis
observedatthebaryon-antibaryonmassthresholdwithin
theuncertainties,incontrasttoB0→D0ppdecays,which
doexhibitsuchanenhancement[8].
Wecompareourresultsforthe B0→ D0ΛΛand

B0→ D0Σ0Λbranchingfractionstotheoreticalpre-
dictions. TheresultweobtainfortheB0→ D0Σ0Λ
branchingfractionisconsistentwiththepredictionof
B(B0→ D0Σ0Λ+B0→ D0ΛΣ0) =(18±5)×10−6

fromRef.[11]. However,theobtainedresultforthe
B0→D0ΛΛbranchingfractionislargerthanthepredic-
tionofB(B0→D0ΛΛ)=(2±1)×10−6[11]byafactor
of

B(B0→D0ΛΛ)exp

B(B0→D0ΛΛ)theo
=4.9±3.0. (11)

Wefurtherdetermine

B(B0→D0Σ0Λ+B0→D0ΛΣ0)

B(B0→D0ΛΛ)
=1.5±0.9, (12)

whichisinagreementwithourassumptionthatallfour
modesB0→D0ΛΛ,B0→D0Σ0Λ,B0→D0ΛΣ0,and
B0→D0Σ0Σ0areproducedatequalrates.Fortheratio
ofbranchingfractionswefind

B(B0→D0ΛΛ)

B(B0→D0pp)
=

1

10.6±3.7
, (13)

usingB(B0→D0pp)=(1.04±0.04)×10−4[1]. This
isinagreementwiththeexpectedsuppressionof1/12
discussedintheintroduction.
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FIG.5: Distributionoftheinvariantbaryon-antibaryon
massforD0-branching-fractionandefficiency-correctedB0→
D0ΛΛ signalcandidates. Thedatapointsrepresentthe
BABARdataandtheshadedhistogramindicatesphase-space-
distributedsimulatedevents,scaledtomatchtheareaunder
thedata.

VII. SUMMARY

WefindevidenceforthebaryonicBdecayB0→D0ΛΛ.
Wedeterminethebranchingfractiontobe B(B0→
D0ΛΛ)=(9.8+2.9−2.6±1.9)×10

−6withasignificanceof
3.4σincludingsystematicuncertainties.Thisisinagree-
mentwiththeBelle measurement[13]. Wefindno
evidenceforanenhancementintheinvariantbaryon-
antibaryon massdistributionnearthreshold. Ourre-

sultforthebranchingfractiondeviatesfromtheoreti-
calpredictionsbasedon measurementsofB0→ D0pp
butagreeswithsimple modelsofhadronization. We
findnoevidenceforthedecayB0→ D0Σ0Λandcal-
culateaBayesianupperlimitat90%confidencelevelof
B(B0→D0Σ0Λ+B0→D0ΛΣ0)<3.1×10−5. This
resultisinagreementwiththetheoreticalexpectation.
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