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B decays, general

charmless hadronic decays

• Inclusive B → Xs η and exclusive B → X ηʹ′ decays

• B → V V polarization puzzle

Baryonic decays

• multi-body hierarchy & near-threshold enhancement

•                               and

Outline
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B+ → pΛ̄π+π− B0 → pΛ̄π−
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What can we do with B?
CP violation                                 T. Hara (4/22)

- KM mechanism explains CP violation w/in SM
--> Test the internal consistency of the KM mechanism 
in the CKM U.T.

Search for rare/forbidden decays
- for a precision test of the SM; and
- indirect search for PBSM

study heavy-flavor dynamics
look for exotic particles                A. Kuzmin (4/20)
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{ }in this talk, 
partly



B decays in the SM
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Two asymmetric B-factories

11

PEP-II at SLAC

KEKB at KEK

Belle

BaBar

9GeV (e!) " 3.1GeV (e+)

peak luminosity:

        1.2"1034cm!2s!1

Two asymmetric-energy B factories

8GeV (e!) " 3.5GeV (e+)

  peak luminosity:

       2.1"1034cm!2s!1

world record

11 nations, 

80 institutes, 

~600 members

13 countries, 

57 institutes,

 ~400 members

Youngjoon Kwon New physics search in B decays Nov. 15, 2009 @ FAPPS09 5
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Belle/BaBar  Luminosities
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Two main variables for Belle/BaBar

“mES” for BaBar
7



charmless hadronic 
B decays

PRD(RC) 80, 051103 (2009)
published online Sep.4, 2009

Measurements of B0 → ρ0K∗0

and B0 → π+π−K+π−

based on a sample of 657 million BB̄ pairs

(i) b → s penguin diagram (ii) b → u tree diagram

• B → X η(ʹ′) decays                                     (i)

• V V polarization puzzle                          (i), (ii)



B → η(�)K(∗), η(�)π
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B → X η(ʹ′) decays

points of interest

• unexpectedly large BF for 
some modes and unexpected 
patterns of BF’s for others

• sensitive to interference b.w. 
flavor singlet & octet 
components

• many studies using pQCD, 
QCDF, SCET, etc.

It will be valuable to have 
results in more related decay 
modes, for QCD studies
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B → η(�)K(∗), η(�)π



B → Xη� exclusive
• Analysis brief

- NBB̄ = 467 M
- measure BF & Ach for B → η�h (h = ρ, f0,K∗)
- use η� → ηπ+π− and η� → ργ for η�K∗;

only η� → ηπ+π− for the other modes
- background comes dominantly from qq̄ continuum events
=⇒ use event-shape variables

- measure the signal yields by EML fit to six variables:
∆E,mES,F ,mη� ,mh, cos θH (for h = ρ or K∗)

• other comments
- LASS model is used for scalar Kπ component
- ∆E,mES shapes are calibrated by control samples
- Fitting bias is estimated with toy-MC ensembles, by which the signal

yield is corrected

Youngjoon Kwon B decays from Belle and BaBar Apr. 21, 2010, DIS 2010

hep-ex 1004.0240
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B → X ηʹ′ exclusive
hep-ex 1004.0240
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FIG. 1: B-candidate mES projections for (a) η′ρ0/η′f0, (b)
η′ρ+, (c) η′K∗0, (d) η′K∗+. Color online: the solid curve
is the fit function, black long-dash-dotted is the total back-
ground, and the blue dashed curve is the total signal contribu-
tion. In (a) we separate the ρ0 component (red dashed) from
the f0 (green dotted). In (c,d) we separate the K∗(892) (red
dashed), the (Kπ)∗0 (green dotted), and K∗

2 (1430) (magenta
dot-dashed) components.

signal yield Y and divide by the selection efficiency ε for
signal events, the number of B mesons in our sample, and
the product of the branching fractions of the intermedi-
ate resonances,

∏

Bi. We assume the branching fraction
of Υ (4S) to B+B− and B0B0 to be the same and equal
to 50%, consistent with the measurements [14]. The effi-
ciency ε is evaluated from the simulation.

The different submodes of η′K∗0 and η′K∗+ are com-
bined by adding their −2 lnL curves. For the signifi-
cance of observation S we take the difference between
the value of −2 lnL for the zero signal hypothesis and the
value at its minimum. For modes with a significance be-
low five standard deviations, we quote a 90% confidence
level (C.L.) upper limit, corresponding to the branching
fraction below which lies 90% of the total of the likeli-
hood integral, in the region where the branching fraction
is positive. The correlated and uncorrelated systematic
uncertainties are taken into account in the above eval-
uations by convolving the likelihood function given by
the fitter with a Gaussian function representing the sys-
tematic uncertainties. The results are collected in Table
II.

We show in Fig. 1 the data and the fit functions pro-
jected over the variable mES, while in Fig. 2 we do the
same for the ππ and Kπ invariant masses. In these plots

the signals are enhanced by the imposition of cuts on lnL
and the fit variables, which retain 40-65% of the signal
events.
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FIG. 2: B-candidate mππ projections for (a) η′ρ0/η′f0, (b)
η′ρ+, and mKπ for (c) η′K∗0, (d) η′K∗+. Color online: the
solid curve is the fit function, black long-dash-dotted is the
total background, and the blue dashed curve is the total sig-
nal contribution. In (a) we separate the ρ0 component (red
dashed) from the f0 (green dotted). In (c,d) we separate
the K∗(892) (red dashed), the (Kπ)∗0 (green dotted), and
K∗

2 (1430) (magenta dot-dashed) components.

We evaluate the systematic uncertainties due to the
modeling of the signal PDFs by varying the relevant pa-
rameters by their uncertainty, derived from the consis-
tency of fits to the above mentioned data control sam-
ples. The fit bias arises mostly from correlations among
the fit variables, which are modeled by the MC; the as-
sociated uncertainty is the sum in quadrature of half the
correction itself and its statistical uncertainty; this is the
dominant source in most cases (2.1 – 15.4 events), espe-
cially for the η′ → ρ0γ modes. The uncertainty for the
SXF fraction is estimated by varying the fraction pre-
dicted by the MC by 2.5% (5%) relative for each photon
(π0) in the final state (most of this uncertainty originates
from the simulation of neutral particles). We estimate
the uncertainty on the charmless BB background by re-
peating the fit with the yield of this component varied by
its estimated uncertainty (±20%). For the S-wave Kπ
components, we vary the LASS parameters by the un-
certainties found in [19] (the resulting uncertainties vary
from 0.1 to 14.9 events).
Multiplicative systematic uncertainties (which do not

affect the signal significance) account for imperfect
knowledge of the luminosity, tracking efficiency, π0 and
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FIG. 1: B-candidate mES projections for (a) η′ρ0/η′f0, (b)
η′ρ+, (c) η′K∗0, (d) η′K∗+. Color online: the solid curve
is the fit function, black long-dash-dotted is the total back-
ground, and the blue dashed curve is the total signal contribu-
tion. In (a) we separate the ρ0 component (red dashed) from
the f0 (green dotted). In (c,d) we separate the K∗(892) (red
dashed), the (Kπ)∗0 (green dotted), and K∗

2 (1430) (magenta
dot-dashed) components.

signal yield Y and divide by the selection efficiency ε for
signal events, the number of B mesons in our sample, and
the product of the branching fractions of the intermedi-
ate resonances,

∏

Bi. We assume the branching fraction
of Υ (4S) to B+B− and B0B0 to be the same and equal
to 50%, consistent with the measurements [14]. The effi-
ciency ε is evaluated from the simulation.

The different submodes of η′K∗0 and η′K∗+ are com-
bined by adding their −2 lnL curves. For the signifi-
cance of observation S we take the difference between
the value of −2 lnL for the zero signal hypothesis and the
value at its minimum. For modes with a significance be-
low five standard deviations, we quote a 90% confidence
level (C.L.) upper limit, corresponding to the branching
fraction below which lies 90% of the total of the likeli-
hood integral, in the region where the branching fraction
is positive. The correlated and uncorrelated systematic
uncertainties are taken into account in the above eval-
uations by convolving the likelihood function given by
the fitter with a Gaussian function representing the sys-
tematic uncertainties. The results are collected in Table
II.

We show in Fig. 1 the data and the fit functions pro-
jected over the variable mES, while in Fig. 2 we do the
same for the ππ and Kπ invariant masses. In these plots

the signals are enhanced by the imposition of cuts on lnL
and the fit variables, which retain 40-65% of the signal
events.
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FIG. 2: B-candidate mππ projections for (a) η′ρ0/η′f0, (b)
η′ρ+, and mKπ for (c) η′K∗0, (d) η′K∗+. Color online: the
solid curve is the fit function, black long-dash-dotted is the
total background, and the blue dashed curve is the total sig-
nal contribution. In (a) we separate the ρ0 component (red
dashed) from the f0 (green dotted). In (c,d) we separate
the K∗(892) (red dashed), the (Kπ)∗0 (green dotted), and
K∗

2 (1430) (magenta dot-dashed) components.

We evaluate the systematic uncertainties due to the
modeling of the signal PDFs by varying the relevant pa-
rameters by their uncertainty, derived from the consis-
tency of fits to the above mentioned data control sam-
ples. The fit bias arises mostly from correlations among
the fit variables, which are modeled by the MC; the as-
sociated uncertainty is the sum in quadrature of half the
correction itself and its statistical uncertainty; this is the
dominant source in most cases (2.1 – 15.4 events), espe-
cially for the η′ → ρ0γ modes. The uncertainty for the
SXF fraction is estimated by varying the fraction pre-
dicted by the MC by 2.5% (5%) relative for each photon
(π0) in the final state (most of this uncertainty originates
from the simulation of neutral particles). We estimate
the uncertainty on the charmless BB background by re-
peating the fit with the yield of this component varied by
its estimated uncertainty (±20%). For the S-wave Kπ
components, we vary the LASS parameters by the un-
certainties found in [19] (the resulting uncertainties vary
from 0.1 to 14.9 events).
Multiplicative systematic uncertainties (which do not

affect the signal significance) account for imperfect
knowledge of the luminosity, tracking efficiency, π0 and

6

0

5

10

0

5

10

0

20

40

60

0

20

40

60

 (GeV)ESm
5.25 5.26 5.27 5.28 5.29
0

10

20

 (GeV)ESm
5.25 5.26 5.27 5.28 5.29
0

10

20

 (GeV)ESm
5.25 5.26 5.27 5.28 5.29
0

10

20

30

40

 (GeV)ESm
5.25 5.26 5.27 5.28 5.29
0

10

20

30

40

(a) (c)

(b) (d)

E
v

e
n

ts
 /

 2
.5

 M
e
V

 

E
v

e
n

ts
 /

 2
.5

 M
e
V

 

FIG. 1: B-candidate mES projections for (a) η′ρ0/η′f0, (b)
η′ρ+, (c) η′K∗0, (d) η′K∗+. Color online: the solid curve
is the fit function, black long-dash-dotted is the total back-
ground, and the blue dashed curve is the total signal contribu-
tion. In (a) we separate the ρ0 component (red dashed) from
the f0 (green dotted). In (c,d) we separate the K∗(892) (red
dashed), the (Kπ)∗0 (green dotted), and K∗

2 (1430) (magenta
dot-dashed) components.

signal yield Y and divide by the selection efficiency ε for
signal events, the number of B mesons in our sample, and
the product of the branching fractions of the intermedi-
ate resonances,

∏

Bi. We assume the branching fraction
of Υ (4S) to B+B− and B0B0 to be the same and equal
to 50%, consistent with the measurements [14]. The effi-
ciency ε is evaluated from the simulation.

The different submodes of η′K∗0 and η′K∗+ are com-
bined by adding their −2 lnL curves. For the signifi-
cance of observation S we take the difference between
the value of −2 lnL for the zero signal hypothesis and the
value at its minimum. For modes with a significance be-
low five standard deviations, we quote a 90% confidence
level (C.L.) upper limit, corresponding to the branching
fraction below which lies 90% of the total of the likeli-
hood integral, in the region where the branching fraction
is positive. The correlated and uncorrelated systematic
uncertainties are taken into account in the above eval-
uations by convolving the likelihood function given by
the fitter with a Gaussian function representing the sys-
tematic uncertainties. The results are collected in Table
II.

We show in Fig. 1 the data and the fit functions pro-
jected over the variable mES, while in Fig. 2 we do the
same for the ππ and Kπ invariant masses. In these plots

the signals are enhanced by the imposition of cuts on lnL
and the fit variables, which retain 40-65% of the signal
events.
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FIG. 2: B-candidate mππ projections for (a) η′ρ0/η′f0, (b)
η′ρ+, and mKπ for (c) η′K∗0, (d) η′K∗+. Color online: the
solid curve is the fit function, black long-dash-dotted is the
total background, and the blue dashed curve is the total sig-
nal contribution. In (a) we separate the ρ0 component (red
dashed) from the f0 (green dotted). In (c,d) we separate
the K∗(892) (red dashed), the (Kπ)∗0 (green dotted), and
K∗

2 (1430) (magenta dot-dashed) components.

We evaluate the systematic uncertainties due to the
modeling of the signal PDFs by varying the relevant pa-
rameters by their uncertainty, derived from the consis-
tency of fits to the above mentioned data control sam-
ples. The fit bias arises mostly from correlations among
the fit variables, which are modeled by the MC; the as-
sociated uncertainty is the sum in quadrature of half the
correction itself and its statistical uncertainty; this is the
dominant source in most cases (2.1 – 15.4 events), espe-
cially for the η′ → ρ0γ modes. The uncertainty for the
SXF fraction is estimated by varying the fraction pre-
dicted by the MC by 2.5% (5%) relative for each photon
(π0) in the final state (most of this uncertainty originates
from the simulation of neutral particles). We estimate
the uncertainty on the charmless BB background by re-
peating the fit with the yield of this component varied by
its estimated uncertainty (±20%). For the S-wave Kπ
components, we vary the LASS parameters by the un-
certainties found in [19] (the resulting uncertainties vary
from 0.1 to 14.9 events).
Multiplicative systematic uncertainties (which do not

affect the signal significance) account for imperfect
knowledge of the luminosity, tracking efficiency, π0 and
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FIG. 1: B-candidate mES projections for (a) η′ρ0/η′f0, (b)
η′ρ+, (c) η′K∗0, (d) η′K∗+. Color online: the solid curve
is the fit function, black long-dash-dotted is the total back-
ground, and the blue dashed curve is the total signal contribu-
tion. In (a) we separate the ρ0 component (red dashed) from
the f0 (green dotted). In (c,d) we separate the K∗(892) (red
dashed), the (Kπ)∗0 (green dotted), and K∗

2 (1430) (magenta
dot-dashed) components.

signal yield Y and divide by the selection efficiency ε for
signal events, the number of B mesons in our sample, and
the product of the branching fractions of the intermedi-
ate resonances,

∏

Bi. We assume the branching fraction
of Υ (4S) to B+B− and B0B0 to be the same and equal
to 50%, consistent with the measurements [14]. The effi-
ciency ε is evaluated from the simulation.

The different submodes of η′K∗0 and η′K∗+ are com-
bined by adding their −2 lnL curves. For the signifi-
cance of observation S we take the difference between
the value of −2 lnL for the zero signal hypothesis and the
value at its minimum. For modes with a significance be-
low five standard deviations, we quote a 90% confidence
level (C.L.) upper limit, corresponding to the branching
fraction below which lies 90% of the total of the likeli-
hood integral, in the region where the branching fraction
is positive. The correlated and uncorrelated systematic
uncertainties are taken into account in the above eval-
uations by convolving the likelihood function given by
the fitter with a Gaussian function representing the sys-
tematic uncertainties. The results are collected in Table
II.

We show in Fig. 1 the data and the fit functions pro-
jected over the variable mES, while in Fig. 2 we do the
same for the ππ and Kπ invariant masses. In these plots

the signals are enhanced by the imposition of cuts on lnL
and the fit variables, which retain 40-65% of the signal
events.

0

2

4

6

8

0

2

4

6

8

0

20

40

60

0

20

40

60

 (GeV)!!m
0.6 0.8 1.0

0

5

10

15

 (GeV)!!m
0.6 0.8 1.0

0

5

10

15

 (GeV)!Km
0.8 1.0 1.2 1.4

0

20

40

 (GeV)!Km
0.8 1.0 1.2 1.4

0

20

40

(a) (c)

(b) (d)

E
v
e
n

ts
 /

 2
5

 M
e
V

 

E
v
e
n

ts
 /

 5
0

 M
e
V

 

FIG. 2: B-candidate mππ projections for (a) η′ρ0/η′f0, (b)
η′ρ+, and mKπ for (c) η′K∗0, (d) η′K∗+. Color online: the
solid curve is the fit function, black long-dash-dotted is the
total background, and the blue dashed curve is the total sig-
nal contribution. In (a) we separate the ρ0 component (red
dashed) from the f0 (green dotted). In (c,d) we separate
the K∗(892) (red dashed), the (Kπ)∗0 (green dotted), and
K∗

2 (1430) (magenta dot-dashed) components.

We evaluate the systematic uncertainties due to the
modeling of the signal PDFs by varying the relevant pa-
rameters by their uncertainty, derived from the consis-
tency of fits to the above mentioned data control sam-
ples. The fit bias arises mostly from correlations among
the fit variables, which are modeled by the MC; the as-
sociated uncertainty is the sum in quadrature of half the
correction itself and its statistical uncertainty; this is the
dominant source in most cases (2.1 – 15.4 events), espe-
cially for the η′ → ρ0γ modes. The uncertainty for the
SXF fraction is estimated by varying the fraction pre-
dicted by the MC by 2.5% (5%) relative for each photon
(π0) in the final state (most of this uncertainty originates
from the simulation of neutral particles). We estimate
the uncertainty on the charmless BB background by re-
peating the fit with the yield of this component varied by
its estimated uncertainty (±20%). For the S-wave Kπ
components, we vary the LASS parameters by the un-
certainties found in [19] (the resulting uncertainties vary
from 0.1 to 14.9 events).
Multiplicative systematic uncertainties (which do not

affect the signal significance) account for imperfect
knowledge of the luminosity, tracking efficiency, π0 and
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B → Xη� exclusive

9

TABLE III: Signal yield Y and its statistical uncertainty, bias Y0, detection efficiency �, daughter branching fraction product�
Bi, significance S (with systematic uncertainties included), measured branching fraction B with statistical and systematic

errors, 90% C.L. upper limit (U.L.), and charge asymmetry Ach. In the case of η�f0, the quoted branching fraction is the
product of B(B0 → η�f0) with B(f0 → ππ), which is not well known.

Mode Y Y0 �
�

Bi S B B U.L. Ach

(events) (events) (%) (%) (σ) (10−6) (10−6)

η�ρ0 37±15 9±5 23.4 17.5 2.0 1.5± 0.8± 0.3 2.8 −

η�f0 8±8 4±2 25.9 17.5 0.5 0.2+0.4
−0.3 ± 0.1 0.9 −

η�ρ+ 128±22 15±8 14.3 17.5 5.8 9.7+1.9
−1.8 ± 1.1 − 0.26± 0.17± 0.02

η�K∗0 4.0 3.1+0.9
−0.8 ± 0.3 4.4 0.02± 0.23± 0.02

η�K∗+ 3.8 4.8+1.6
−1.4 ± 0.8 7.2 −0.26± 0.27± 0.02

η�(Kπ)∗00 5.6 7.4+1.5
−1.4 ± 0.6 − −0.19± 0.17± 0.02

η�(Kπ)∗+0 2.9 6.0+2.2
−2.0 ± 0.9 9.3 0.06± 0.20± 0.02

η�K∗
2 (1430)

0 5.3 13.7+3.0
−2.9 ± 1.2 − 0.14± 0.18± 0.02

η�K∗
2 (1430)

+ 7.2 28.0+4.6
−4.3 ± 2.6 − 0.15± 0.13± 0.02

• no significant Ach in any modes
• results for η�ρ+ generally in favor of pQCD and QCDF over SCET
• unexpected B(B → η�K∗

2(1430)) � B(B → η�K∗(892))

Youngjoon Kwon B decays from Belle and BaBar Apr. 21, 2010, DIS 2010 13
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8+, %$#F%3361#%'#+%'$#/F#9$ 2($$<

*)(,-##6../.$# $3(3%$3%,()#/')5
G61#6../.$# %',)016$#F%33%'&#('1#
+(,-&./0'1#$5$362(3%,$<

! !

#!$# !%# #

*6))6#H.6)%2%'(.5

*6))6#H.6)%2%'(.5

*# IJ7;KL=B##
M.6N%/0$)5#
/+$6.N61#+5#*(*(.

O

• NBB̄ = 657 M
• pseudo-inclusive

– sum of exclusive modes
◦ B → Xsη (p∗

η > 2.0 GeV/c)
η → γγ
Xs → Knπ (n ≤ 4, nπ0 ≤ 1)

• signal yield
Nsig = 749 ± 48 ± 7
for 1.0 < MXs < 2.6 GeV/c2

Youngjoon Kwon B decays from Belle and BaBar Apr. 21, 2010, DIS 2010
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of rare B decays. These expected yields are subtracted from the fit yield to give a final
yield. The fit yields following this subtraction are shown in bins of Xs mass in Figure 1.
Two combined fits are also performed for the mass ranges 1.0 GeV/c2 < MXs

< 2.6 GeV/c2

and 1.8 GeV/c2 < MXs
< 2.6 GeV/c2, in order to isolate the signal contributions above

the known exclusive K∗η, K∗
0(1430)η, and K∗

2 (1430)η signals. Fits to these regions are
shown in Figure 2, and give a background subtracted yield of 749± 48 (stat)± 7 (syst) and
244 ± 34 (stat) ± 3 (syst), respectively. Systematic errors included in these yields are those
due to b → c background modeling, background subtractions, and fitting. In the lower Xs

mass bins below 1.4 GeV/c2, the background subtraction for the B → Xdη is the largest
contribution. Since these modes are rare and relatively poorly measured, we estimate the
error by varying the expected yield from MC by ±100%. This yield is usually between 1-2
events, except in the lowest mass bin, 0.4 GeV/c2 < MXs

< 0.6 GeV/c2, where it peaks at
5 events. In the MXs

bins above 1.4 GeV/c2, the error is dominated by the b → c modeling.
To calculate this uncertainty, we allow the normalizations of the five b → c PDFs to vary.
For the three body B → D(∗)πη modes, we allow the normalization to vary within the errors
determined from the χ2 minimization procedure used to determine the level of these back-
grounds. In the case of the remaining color suppressed PDFs and the PDF that includes all
other b → c backgrounds, we allow the normalization to vary up to the difference between
that used for the fit and that which would be obtained if the normalization were allowed
to vary during the χ2 minimization procedure. The error in yield due to these variations is
approximately 2-3 events in all bins above 1.4 GeV/c2. Errors due to the fitting procedure
are estimated by allowing the signal PDF parameters to vary by ±1σ, and are less than 1
event in all bins.
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FIG. 1: Background subtracted yields from Mbc fits in bins of MXs
. Error bars include statistical

errors and systematic errors related to the fitting and background subtraction procedures.

The branching fraction is calculated using MXs
-bin dependent efficiencies obtained from

the MC samples of Kη, K∗η, and Xsη with a flat mass distribution. The detection efficiency,
including B(K0

S → π+π−) and modes that are not reconstructed, but not B(η → γγ), is
6.5% in the lowest MXs

bin and decreases to 0.12% in the highest bin. Using this efficiency
we calculate a partial branching fraction of

B(B → Xsη; MXs
< 2.6 GeV/c2) = (25.5 ± 2.7 (stat) ± 1.6 (syst)+3.8

−14.1 (model)) × 10−5.

7
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 signal yields are obtained by fitting Mbc in bins of M(Xs)

previously measured 
by BaBar in exclusive 
B --> K*(1430) η

what are these?



B → Xsη inclusive

rather than a K0
S. This results in a systematic error that steadily increases from less than

1% in the lowest bin to 21% in the highest bin. To estimate the effects of mass migration

between bins as well as the assumption of a flat mass spectrum, we generate two other

signal models where the shape of MXs is calculated using the QCD anomaly model with

η� swapped for η, and a model based on three-body phase space for b → sdη or b → suη,
with the strange and light quark fragmented by PYTHIA. We study each model in Monte

Carlo and determine the difference between the assumed efficiency and the efficiency for

candidates reconstructed only in the correct MXs bin. This difference is calculated for all

three models, and the maximum difference of the three models is used as a systematic error.

This gives a systematic error of 11% or less in all bins.

The differential branching fraction, including all statistical and systematic errors, is shown

in Figure 3. We check our results for consistency with the known B → Kη using the lowest

mass bin, and find a branching fraction of (2.0 ± 0.4 ± 0.2) × 10
−6
, which agrees with

previous Belle measurements [22, 23]. We also check the bin between 0.8 and 1.0 GeV/c2,
and find a branching fraction of (1.77 ± 0.14 ± 0.10) × 10

−5
, which is in good agreement

with the B → K∗η world average [24]. A direct comparison to the known B → K∗
0,2(1430)η

rates [25] is less straightforward due to overlap effects and larger widths. We measure a

significant previously unobserved signal above 1.8 GeV/c2, where contributions from these

known modes are negligible. We also note that the rise in spectrum toward high Xs mass

bears a strong resemblance to that of B → Xsη� [3, 4].
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FIG. 3: Differential branching fraction, dB/dMXs , for B → Xsη. Dashed red error bars are
statistical only, solid black error bars include all systematic and modeling errors.

In conclusion, we have made the first measurement of the inclusive partial branching

fraction for B → Xsη, and find B(B → Xsη; 0.4 GeV/c2 < MXs < 2.6 GeV/c2) = (25.5 ±
2.7 (stat)± 1.6 (syst)

+3.8
−14.1 (model))× 10

−5
. We also report a differential branching fraction

that rises at high Xs mass.

No theoretical prediction is currently available for the MXs mass, so no direct comparison

can be made. However, the similarity in spectral shape to B → Xsη�, as well as the lack

of strong suppression of the B → Xsη branching fraction relative to the η� mode, implies

that the η�gg coupling originally used to explain the B → Xsη� signal is strongly disfavored.

Rather, recent work suggests that the relative strengths of the two processes is due to a

large contribution of charming penguin amplitudes in both decays [7].
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stat. err. only
stat + syst + model errs.
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• partial BF in 0.4 < M(Xs) < 2.6 GeV/c2

B(B → Xsη) = (25.5 ± 2.7 ± 1.6+3.8
−14.1)× 10−5 (JETSET for hadronization)

• large signals for MXs > 2 GeV/c2 in both Xsη and Xsη� modes,
disfavoring “large η�gg coupling” hypothesis
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V V puzzle?

B decays to vector + vector final states are actually three 
separate decays, corresponding to the polarization of the 
final-state vector mesons

Naive SM expectation predicts dominance of longitudinal 
polarizations

• by helicity conserving arguments

But, a puzzling pattern of fL is measured in B → V V decays

17

fL ∼ 1−m2
V /m

2
B



VV puzzle?
Polarizations of Charmless Decays

Longitudinal Polarization Fraction (fL)

 0.2  0.4  1.0  1.2 0.6  0.8

HFAG

April 2009

BABAR

Belle

New Avg.
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Ploarization patterns in B → VV

• fL ∼ 1 for ρρ, ρω

- tree-dominated decays
- the naive picture works!

• fL ∼ 0.5 for φK∗

- beginning of the puzzle,
c. 2003

- penguin-dominated decays
- δfL ∼ 0.05

• What about other B → V V
modes?

tion, we rely on the interference terms to resolve the phase
ambiguities. In the lower mK! range the yield of the
’ðK!Þ#00 contribution is 75þ20

%17 events with a statistical
significance of 9", including the interference term. From
the measurements of the highermK! range we calculate the
contribution of ’ðK!Þ#00 to the lower mass range to be
about 61 events. This is consistent with the above result
within 1". The dependence of the interference on the K!
invariant mass [25,27] allows us to reject the other solution
near (2!%#k1, !%#?1) relative to that in Table X for
the B0 ! ’K#ð892Þ0 decay with a statistical significance

of 6:5" (which becomes 5:4" when systematic uncertain-
ties are included). We also resolve this ambiguity with a
statistical significance of more than 4" with the !B0 or B0

decays independently. Figure 11 shows the $2 ¼
%2 lnðL=LmaxÞ scan plots for #k and #?, where we
illustrate how the phase ambiguity is resolved. For com-
parison, we show the result of the fit where interference is
not taken into account and no sensitivity to resolve the
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FIG. 8 (color online). Projections onto the variables mES, "E,
F , mK!, and mK !K for the signal B ! ’K'!( (left) and B !
’K0

S!
0 (right) candidates. Data distributions are shown with a

requirement on the signal-to-background probability ratio calcu-
lated with the plotted variable excluded. The solid (dashed) lines
show the signal-plus-background (background) PDF projections.
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FIG. 9 (color online). Projections onto the variableH 1 for the
lower mK! range in (a) and H 2 in (b). Projections onto Q)#
for the lower mK! range in (c)–(f) where Q changes sign
between the B decays and the !B decays. The distributions are
shown for the signal B0 ! ’K#ð892Þ0 candidates following the
solid (dashed) line definitions in Fig. 8. The # angle projections
are shown for different combinations of event yields with certain
requirements on the B flavor and H 1 )H 2 product signs, as
discussed in the text. The D'

ðsÞ-meson veto causes the sharp

acceptance dips near H 1 ¼ 0:8 seen in (a).
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FIG. 10 (color online). Same as Figs. 9(a) and 9(b), but for the
signal B0 ! ’K#

2ð1430Þ0 and ’ðK!Þ#00 candidates combined.
The D'

ðsÞ-meson veto causes the sharp acceptance dips near

H 1 ¼ 0:8 seen in (a).
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Mbc !!E fit; there is then only one free parameter. The fit
obtains ~f!"" " f!""=#f!! $ f!""% & #6:3' 6:7%%, and
thus N!! & #1! ~f!""%N#!!$nr% & 194' 32, where the er-
ror is statistical and obtained from a ‘‘toy’’ MC study
(since the errors on ~f!"" and N#!!$nr% are correlated).
This value agrees well with the !$!! yield obtained
from the M""0 fit (141 events) multiplied by the ratio of
acceptances (1.33). Figure 2(a) shows the data and projec-
tions of the fit.

The branching fraction is N!!=#"""NB "B%, where N!! is
the number of B0 ! !$!! candidates, NB "B is the number
of B "B pairs produced [#274:8' 3:1% ( 106], " is the ac-
ceptance and event selection efficiency obtained from MC
simulation, and "" is a correction factor for the "' iden-
tification requirement to account for small differences
between data and the simulation (0:969' 0:012). The
result is B & #22:8' 3:8% ( 10!6, where the error is
statistical.

There are 11 main sources of systematic error. These are
typically evaluated by varying the relevant parameter(s) by
1# and noting the change in B. The sources are as follows:
track reconstruction efficiency (1.2% per track); "0 effi-
ciency (4% per "0); calibration factors (obtained from a
large B$ ! "D0!$ ! K$"!"0!$ sample) used to correct
the signal Mbc ! !E PDF to better match the data; the
Mbc !!E shapes for b ! c; the fraction and Mbc ! !E
shapes for b ! u; the !E range fit; statistics of the MC
simulation used to calculate "; the dependence of " upon
the polarization; uncertainties in "" and NB "B; and the q "q
suppression requirement. Combining these in quadrature
gives a total systematic error of $10:1% and !11:6%.
Thus,

B B!!$!! & )22:8' 3:8#stat%$2:3
!2:6#syst%* ( 10!6: (1)

To determine the longitudinal polarization fraction fL,
we perform an unbinned ML fit to the $$; $! helicity

angle distribution. This distribution is proportional to
)4fLcos2$$cos2$! $ #1! fL%sin2$$sin2$!*. In the fit,
this PDF is multiplied by an acceptance function deter-
mined from MC simulation. The acceptance is modeled as
the product A#cos$$% + A#cos$!%, where A is a polynomial.

We fit events in the Mbc !!E signal region that satisfy
M"'"0 2 #0:62; 0:92% GeV=c2. We include PDFs for sig-
nal, !"", and b ! c, b ! u, and q "q backgrounds. The
PDFs for b ! c and q "q are combined and determined
from the sideband Mbc 2 #5:21; 5:26% GeV=c2, !E 2
#!0:12; 0:12% GeV; we check with MC simulation that
the shapes of these backgrounds and their ratio in the
sideband region are close to those in the signal region.
The PDF for b ! u is taken from MC simulation. The
fraction of !$!! $ !"" is taken from the Mbc !!E fit;
the component f!"" alone is taken from the M"'"0 fit. The
fraction of b ! u background is small and taken from MC
simulation. Since f#q "q$b!c% & 1! f!! ! f!"" ! fb!u,
there is only one free parameter in the fit. The result is
fL & 0:941$0:034

!0:040, where the error is statistical. Figure 2(b)
shows the data and projections of the fit.

There are eight main sources of systematic error in
fL: the !$!! $ !"" fraction ($0:013;!0:012); the
!"" component alone ($0:021;!0:020); the pion
identification efficiency, which affects the acceptance
($0:000;!0:004); misreconstructed B0 ! !$!! decays
($0:005;!0:000); the q "q suppression requirement
('0:013); interference of longitudinally polarized !’s with
an S-wave "'"0 system in B0 ! !"" ($0:003;!0:005);
a very small bias in the fitting procedure measured from
a large toy MC sample ($0:000;!0:005); and uncertainty
in the q "q$ #b ! c% background shape ($0:004;!0:014).
This last uncertainty is evaluated by taking the background
shape from alternative Mbc, !E sidebands. Combining all
errors in quadrature gives a total systematic error of
'0:030. Thus,

fL & 0:941$0:034
!0:040#stat% ' 0:030#syst%: (2)

To determine CP coefficients A and S, we divide the
data into q & '1 tagged subsamples and do an unbinned
ML fit to their !t distributions. Since B0’s and "B0’s are
approximately at rest in the ##4S% frame, and the ##4S%
travels with %& & 0:425 nearly along the beam axis (z), !t
is determined from the z displacement between the !$!!

and tag-side decay vertices: !t , #zCP ! ztag%=%&c.
The likelihood function for event i is a sum of terms:
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Section X and Ref. [25] describe a number of possible
sources of theoretical uncertainty.

In B0 ! !!!" decays, a spin 0 particle (the B0 meson)
decays into two spin 1 particles (!# mesons), as shown in
Fig. 3. Subsequently, each !# meson decays into a "#"0

pair. As a result, the CP analysis of B0 ! !!!" is com-
plicated by the presence of one amplitude with longitudinal
polarization and two amplitudes with transverse polariza-
tion. The longitudinal amplitude is CP even, while the
transverse amplitudes contain CP-even and CP-odd states.
The decay is observed to be dominated by the longitudinal
polarization [26,27], with a fraction fL defined as the
fraction of the helicity zero state in the decay. Integrating
over the angle between the ! decay planes #, the angular
decay rate is
 

d2!
!d cos$1d cos$2

$ 9
4

!
fLcos2$1cos2$2

! 1
4
%1" fL&sin2$1sin2$2

"
; (6)

where the helicity angles $i$1;2 are the angles between the
"0 momentum and the direction opposite to that of the B0

in the ! rest frame.
We identify (tag) the initial flavor of the reconstructed B

candidate, Brec, using information from the other B meson,
Btag, in the event. The decay rate f!%f"& for a neutral B
meson decaying into a CP eigenstate, where the Btag is a B0

( "B0), is given by

 f#%#t& $
e"j#tj=%B0

4%B0
f1# &f'S sin%#md#t&

" C cos%#md#t&(g: (7)

Here #t is the proper time difference between the decay of
the Brec and Btag mesons in an event, %B0 is the mean B0

lifetime, #md is the B0- "B0 mixing frequency [28], and &f

is the CP eigenvalue of the decay. This assumes that there
is no difference between the B0 and "B0 lifetimes, #! $ 0.
The parameters S and C describe B-mixing induced and
direct CP violation, respectively. For the longitudinal po-
larization (&f $ !1) S $ Slong and C $ Clong are defined

as

 Slong $
2Im'CP

1! j'CPj2
; (8)

 Clong $
1" j'CPj2
1! j'CPj2

; (9)

where 'CP $ q
p

"A
A [29], q and p are complex constants that

relate the B meson flavor eigenstates to the mass eigen-
states, and "A=A is the ratio of amplitudes of the decay of a
"B0 or B0 to the final state under study. CP violation is
probed by studying the time-dependent decay-rate asym-
metry

 A %#t& $ !%#t& " "!%#t&
!%#t& ! "!%#t& ; (10)

where ! ( "!) is the decay rate for B0 ( "B0) tagged events.
This asymmetry has the form

 A %#t& $ S sin%#md#t& " C cos%#md#t&: (11)

The transverse polarization is an admixture of CP-even
(&f $ !1) and CP-odd (&f $ "1) parts, where each CP
eigenstate has a decay-rate distribution of the form of
Eq. (7). As the longitudinal polarization dominates this
decay, we describe the CP admixture of the transverse
polarization with common parameters Stran and Ctran. We
set Stran $ Ctran $ 0, and vary these parameters when
evaluating systematic uncertainties.

In the absence of penguin contributions in B0 ! !!!",
Slong $ sin2( and Clong $ 0. The presence of penguin
contributions with different weak phases to the tree-level
amplitude shifts the experimentally measurable parameter
(eff away from the value of (. In the presence of penguin
contributions (eff $ (! )(, where

 Slong $
###################
1" C2

long

q
sin2(eff ; (12)

and Clong can be nonzero.
For B! ! !!!0 one measures a time-integrated charge

asymmetry, which is analogous to Eq. (10) and is defined
as

TABLE I. Measurements of the B ! !! decays. Branching fractions (B) are in units of 10"6. The column marked Clong (ACP)
denotes the time-dependent charge asymmetry Clong in the case of the B0 ! !!!" decay, and the time-integrated charge asymmetry
ACP in the case of B# ! !#!0.

Mode Experiment (luminosity fb"1) B ( ) 10"6) fL Clong (ACP) Slong

B0 ! !!!" BABAR [30] (82) 30# 4# 5 * * * * * * * * *
B0 ! !!!" BABAR [26] (210) * * * 0:978# 0:014!0:021

"0:029 "0:03# 0:18# 0:09 "0:33# 0:24!0:08
"0:14

B0 ! !!!" Belle [27] (253) 22:8# 3:8!2:3
"2:6 0:941!0:034

"0:040 # 0:030 * * * * * *
B0 ! !!!" Belle [31] (535) * * * * * * "0:16# 0:21# 0:08a 0:19# 0:30# 0:08
B# ! !#!0 BABAR [21] (210) 16:8# 2:2# 2:3 0:905# 0:042!0:023

"0:027 "0:12# 0:13# 0:10 * * *
B# ! !#!0 Belle [22] (78) 31:7# 7:1!3:8

"6:7 0:95# 0:11# 0:02 0:00# 0:22# 0:03 * * *
B0 ! !0!0 BABAR [23] (349) 1:07# 0:33# 0:19 0:87# 0:13# 0:04 * * * * * *
aBelle Collaboration uses the opposite sign convention for Clong.
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decay, we describe the CP admixture of the transverse
polarization with common parameters Stran and Ctran. We
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B → ρ0K∗0

count small differences observed between MC-simulated
events and data.

The PDF shapes of the q !q background are modeled with
an ARGUS [24] function for Mbc, linear functions for "E,
and combinatorial shapes for M!! and MK!. For b ! c
background, the PDFs are obtained separately for correctly
reconstructed K!0 and for random K! combinations. The
fraction of each component is fixed from the MC simula-
tion. The PDF shapes for b ! s, u, and d background are
modeled with nonparametric PDFs using kernel estimation
[23].

The following parameters are floated in the 4D fit: the
yields of the signal modes (given in Table I) and back-
ground yields of b ! c and q !q; the parameters of the q !q
PDF describing the Mbc, "E and combinatorial shapes of
M!! and MK!. The branching fractions of the feed-down
components are fixed to the results of Ref. [25]. The yield
of f2ð1270ÞK!0 is fixed to 43.0 events as obtained from
two-dimensional Mbc-"E fitting in bins of M!! as dis-
cussed later. The remaining parameters are fixed to values
obtained from MC simulations.

The fit projections are shown in Fig. 2, and the results are
summarized in Table I. There are moderate correlations
between some modes, which we check by fitting an en-
semble of GEANT-simulated MC samples. We find a negli-
gible effect on the measured signal yields. The branching
fraction of each mode is determined by B ¼
Y=ð"MC"PIDNB !BÞ, where Y is the fitted signal yield, "MC

is the event selection efficiency including daughter branch-
ing fractions as obtained from MC simulation, and "PID is
an efficiency correction ("PID ¼ 0:96) for PID that ac-
counts for small differences between MC and data. The
production rates of B0 !B0 and BþB& pairs are assumed to
be equal.

The fit yields the first observation for B0 ! "0Kþ!&

with a significance of 5:0#. The significance is defined asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
&2 lnðL0=LmaxÞ

p
, where L0 (Lmax) is the value of the

likelihood function when the yield is fixed to zero (allowed
to vary). We include systematic uncertainties by smearing

the likelihood function with a Gaussian whose width is
equal to the systematic uncertainty (discussed below). We
also find evidence for B0 ! f0ð980ÞKþ!& with a signifi-
cance of 3:5#, and evidence for B0 ! !þ!&K!0 with a
significance of 4:5#. For B0 ! "0K!0 and B0 !
f0ð980ÞK!0, we observe excesses of events with signifi-
cances of 2:7# and 2:5#, respectively. For the nonresonant
decay components, theB and "MC values correspond to the
ranges MK! 2 ð0:75; 1:20Þ GeV=c2, M!! 2
ð0:55; 1:20Þ GeV=c2, and assume three-body phase space
distributions. For modes with less than 3# significance, we
also list a 90% confidence level (C.L.) upper limit (UL).
This limit is determined via

TABLE I. The signal yield Y and its statistical uncertainty, corrected MC efficiency "
(assuming fL ¼ 0:5 for B0 ! "0K!0), significance S including the systematic uncertainties,
measured branching fraction B, and the UL at the 90% confidence level BUL. For nonresonant
decay components, ", B, and BUL are obtained for MK! 2 ð0:75; 1:20Þ GeV=c2 and M!! 2
ð0:55; 1:20Þ GeV=c2 assuming phase space distributions. For the branching fraction, the first
(second) uncertainty is statistical (systematic).

Mode Y (events) " (%) S (#) B (10&6) BUL (10&6)

"0K!0 77:6þ28:6
&27:9 5.73 2.7 2:1þ0:8þ0:9

&0:7&0:5 <3:4

f0ð980ÞK!0 51:2þ20:4
&19:3 5.56 2.5 1:4þ0:6þ0:6

&0:5&0:4 <2:2

"0Kþ!& 207:8þ39:8
&39:2 11.15 5.0 2:8' 0:5' 0:5 ( ( (

f0ð980ÞKþ!& 106:9þ31:6
&29:9 11.43 3.5 1:4' 0:4þ0:3

&0:4 <2:1

!þ!&K!0 200:7þ46:7
&44:9 6.74 4.5 4:5þ1:1þ0:9

&1:0&1:6 ( ( (
!þ!&Kþ!& &5:4þ54:9

&44:9 6.84 0.0 &0:1þ1:2þ1:4
&1:1&0:8 <2:1
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FIG. 2 (color online). Projection of the 4D fit results onto
(a) Mbc, (b) "E, (c) M!!, and (d) MK!, with the other variables
required to satisfy (except for the variable plotted) Mbc 2
ð5:27; 5:29Þ GeV=c2, "E 2 ð&0:045; 0:045Þ GeV, M!! 2
ð0:62; 1:04Þ GeV=c2, and MK! 2 ð0:84; 0:94Þ GeV=c2. The
curves are for the "0Kþ!& (solid shaded regions), the sum of
"0K!0 and f0ð980ÞK!0 (dashed lines), f2ð1270ÞK!0 and the sum
of feed-down modes (dot-dashed lines), the sum of the back-
grounds (dotted lines), and the total (solid lines).
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events and data.

The PDF shapes of the q !q background are modeled with
an ARGUS [24] function for Mbc, linear functions for "E,
and combinatorial shapes for M!! and MK!. For b ! c
background, the PDFs are obtained separately for correctly
reconstructed K!0 and for random K! combinations. The
fraction of each component is fixed from the MC simula-
tion. The PDF shapes for b ! s, u, and d background are
modeled with nonparametric PDFs using kernel estimation
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ground yields of b ! c and q !q; the parameters of the q !q
PDF describing the Mbc, "E and combinatorial shapes of
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components are fixed to the results of Ref. [25]. The yield
of f2ð1270ÞK!0 is fixed to 43.0 events as obtained from
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cussed later. The remaining parameters are fixed to values
obtained from MC simulations.

The fit projections are shown in Fig. 2, and the results are
summarized in Table I. There are moderate correlations
between some modes, which we check by fitting an en-
semble of GEANT-simulated MC samples. We find a negli-
gible effect on the measured signal yields. The branching
fraction of each mode is determined by B ¼
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is the event selection efficiency including daughter branch-
ing fractions as obtained from MC simulation, and "PID is
an efficiency correction ("PID ¼ 0:96) for PID that ac-
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equal to the systematic uncertainty (discussed below). We
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cance of 3:5#, and evidence for B0 ! !þ!&K!0 with a
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f0ð980ÞK!0, we observe excesses of events with signifi-
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decay components, theB and "MC values correspond to the
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ð0:55; 1:20Þ GeV=c2, and assume three-body phase space
distributions. For modes with less than 3# significance, we
also list a 90% confidence level (C.L.) upper limit (UL).
This limit is determined via
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(assuming fL ¼ 0:5 for B0 ! "0K!0), significance S including the systematic uncertainties,
measured branching fraction B, and the UL at the 90% confidence level BUL. For nonresonant
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FIG. 2 (color online). Projection of the 4D fit results onto
(a) Mbc, (b) "E, (c) M!!, and (d) MK!, with the other variables
required to satisfy (except for the variable plotted) Mbc 2
ð5:27; 5:29Þ GeV=c2, "E 2 ð&0:045; 0:045Þ GeV, M!! 2
ð0:62; 1:04Þ GeV=c2, and MK! 2 ð0:84; 0:94Þ GeV=c2. The
curves are for the "0Kþ!& (solid shaded regions), the sum of
"0K!0 and f0ð980ÞK!0 (dashed lines), f2ð1270ÞK!0 and the sum
of feed-down modes (dot-dashed lines), the sum of the back-
grounds (dotted lines), and the total (solid lines).
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count small differences observed between MC-simulated
events and data.

The PDF shapes of the q !q background are modeled with
an ARGUS [24] function for Mbc, linear functions for "E,
and combinatorial shapes for M!! and MK!. For b ! c
background, the PDFs are obtained separately for correctly
reconstructed K!0 and for random K! combinations. The
fraction of each component is fixed from the MC simula-
tion. The PDF shapes for b ! s, u, and d background are
modeled with nonparametric PDFs using kernel estimation
[23].

The following parameters are floated in the 4D fit: the
yields of the signal modes (given in Table I) and back-
ground yields of b ! c and q !q; the parameters of the q !q
PDF describing the Mbc, "E and combinatorial shapes of
M!! and MK!. The branching fractions of the feed-down
components are fixed to the results of Ref. [25]. The yield
of f2ð1270ÞK!0 is fixed to 43.0 events as obtained from
two-dimensional Mbc-"E fitting in bins of M!! as dis-
cussed later. The remaining parameters are fixed to values
obtained from MC simulations.

The fit projections are shown in Fig. 2, and the results are
summarized in Table I. There are moderate correlations
between some modes, which we check by fitting an en-
semble of GEANT-simulated MC samples. We find a negli-
gible effect on the measured signal yields. The branching
fraction of each mode is determined by B ¼
Y=ð"MC"PIDNB !BÞ, where Y is the fitted signal yield, "MC

is the event selection efficiency including daughter branch-
ing fractions as obtained from MC simulation, and "PID is
an efficiency correction ("PID ¼ 0:96) for PID that ac-
counts for small differences between MC and data. The
production rates of B0 !B0 and BþB& pairs are assumed to
be equal.

The fit yields the first observation for B0 ! "0Kþ!&

with a significance of 5:0#. The significance is defined asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
&2 lnðL0=LmaxÞ

p
, where L0 (Lmax) is the value of the

likelihood function when the yield is fixed to zero (allowed
to vary). We include systematic uncertainties by smearing

the likelihood function with a Gaussian whose width is
equal to the systematic uncertainty (discussed below). We
also find evidence for B0 ! f0ð980ÞKþ!& with a signifi-
cance of 3:5#, and evidence for B0 ! !þ!&K!0 with a
significance of 4:5#. For B0 ! "0K!0 and B0 !
f0ð980ÞK!0, we observe excesses of events with signifi-
cances of 2:7# and 2:5#, respectively. For the nonresonant
decay components, theB and "MC values correspond to the
ranges MK! 2 ð0:75; 1:20Þ GeV=c2, M!! 2
ð0:55; 1:20Þ GeV=c2, and assume three-body phase space
distributions. For modes with less than 3# significance, we
also list a 90% confidence level (C.L.) upper limit (UL).
This limit is determined via

TABLE I. The signal yield Y and its statistical uncertainty, corrected MC efficiency "
(assuming fL ¼ 0:5 for B0 ! "0K!0), significance S including the systematic uncertainties,
measured branching fraction B, and the UL at the 90% confidence level BUL. For nonresonant
decay components, ", B, and BUL are obtained for MK! 2 ð0:75; 1:20Þ GeV=c2 and M!! 2
ð0:55; 1:20Þ GeV=c2 assuming phase space distributions. For the branching fraction, the first
(second) uncertainty is statistical (systematic).

Mode Y (events) " (%) S (#) B (10&6) BUL (10&6)

"0K!0 77:6þ28:6
&27:9 5.73 2.7 2:1þ0:8þ0:9

&0:7&0:5 <3:4

f0ð980ÞK!0 51:2þ20:4
&19:3 5.56 2.5 1:4þ0:6þ0:6

&0:5&0:4 <2:2

"0Kþ!& 207:8þ39:8
&39:2 11.15 5.0 2:8' 0:5' 0:5 ( ( (

f0ð980ÞKþ!& 106:9þ31:6
&29:9 11.43 3.5 1:4' 0:4þ0:3

&0:4 <2:1

!þ!&K!0 200:7þ46:7
&44:9 6.74 4.5 4:5þ1:1þ0:9

&1:0&1:6 ( ( (
!þ!&Kþ!& &5:4þ54:9

&44:9 6.84 0.0 &0:1þ1:2þ1:4
&1:1&0:8 <2:1
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FIG. 2 (color online). Projection of the 4D fit results onto
(a) Mbc, (b) "E, (c) M!!, and (d) MK!, with the other variables
required to satisfy (except for the variable plotted) Mbc 2
ð5:27; 5:29Þ GeV=c2, "E 2 ð&0:045; 0:045Þ GeV, M!! 2
ð0:62; 1:04Þ GeV=c2, and MK! 2 ð0:84; 0:94Þ GeV=c2. The
curves are for the "0Kþ!& (solid shaded regions), the sum of
"0K!0 and f0ð980ÞK!0 (dashed lines), f2ð1270ÞK!0 and the sum
of feed-down modes (dot-dashed lines), the sum of the back-
grounds (dotted lines), and the total (solid lines).
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To reject the dominant q !q continuum background, we
require j cos!Tj< 0:8, where !T is the c.m. frame angle
between the thrust axes of the B candidate and that formed
from the other tracks and neutral clusters in the event. We
also use as discriminant variables the polar angles of the
B-momentum vector and the B-candidate thrust axis with
respect to the beam axis and the two Legendre moments L0
and L2 of the energy flow around the B-candidate thrust
axis in the c.m. frame [12]. These variables are combined
in a Fisher discriminant F ("0K!") or a neural network
(NN) (other modes). Finally, we suppress background from
B decays to charmed states by removing signal candidates
that have decay products consistent with D0 ! K##"$#0%
and D# ! K"#### decays.

We use an extended (not extended in the ""K!0mode)
unbinned maximum-likelihood (ML) fit to extract signal
yields, asymmetries, and angular polarizations simulta-
neously. We define the likelihood Li for each event can-
didate i as the sum of njP j$ ~xi; ~$% over hypotheses j
(signal, q !q background, and several B !B backgrounds dis-
cussed below), where the P j$ ~xi; ~$% are the probability
density functions (PDFs) for the measured variables ~xi,
and nj are the yields for the different hypotheses. The
quantities ~$ represent parameters in the expected distribu-
tions of the measured variables for each hypothesis. They
are extracted from MC simulation and $mES;"E% sideband
data. They are fixed in the fit except for some shape
parameters of the continuum "E and mES distributions.
The extended likelihood function for a sample of N can-
didates is L & exp$#P

nj%
QN

i&1 Li.
The fit input variables ~xi are mES, "E, NN or F ,

invariant masses of the candidates " 'f0$980%( and K!,
and helicity angles !" and !K! . We study large control
samples of B ! D# decays of similar topology to verify
the simulated resolutions in "E and mES, adjusting the
PDFs to account for any difference found.

Since almost all correlations among the fit input varia-
bles are found to be small, we take each P j to be the
product of the PDFs for the separate variables with the
following exceptions where we explicitly account for cor-
relations: the correlation between the two helicity angles in
signal, the correlation due to misreconstructed events in
signal, and the correlation between mass and helicity in
backgrounds. The effect of neglecting other correlations is
evaluated by fitting ensembles of simulated experiments in

which we embed the expected numbers of signal and
charmless B-background events, randomly extracted from
fully simulated MC samples.

We use MC-simulated events to study backgrounds from
other B decays. Charmless B backgrounds are grouped into
up to 11 classes with similar topologies depending on the
mode. Yields for decays with poorly known branching
fractions are varied in the fit with those remaining kept
fixed to their measured values. One to four additional
classes account for neutral and charged B decays to final
states with charm. Up to 6 classes account for misrecon-
structed events in signal. We also introduce components for
nonresonant backgrounds such as ##K!, "K#,
f0$980%K#, and f0$1370%K#, which differ from signal
only in resonance mass and helicity distributions. The
magnitudes of these components are determined by extrap-
olating from fits performed on a wider mass range reaching
to higher-mass values and are fixed in the fit. Figure 1
shows the sPlots [13] for the invariant mass of K# and ##
in the ""K!0and "0K!0 modes, respectively. The data
events are weighted by their probability to be signal,
calculated from the signal and backgrounds PDFs of the
"E, mES, and NN variables.

The results of the ML fits are summarized in Table II.
For the branching fractions, we assume equal production
rates of B"B#and B0 !B0. The significance S of a signal is
defined by " lnL & S2=2, where " lnL represents the
change in likelihood from the maximal value when the
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FIG. 1 (color online). sPlots [13] for the invariant mass of K#
in ""K!0 (left) and ## in "0=f0$980%K!0 (right) up to the
higher-mass regions. The points with error bars show the data,
and the solid (dashed) lines show the projected PDFs of the
signal and nonresonant background [nonresonant background
only: "K# in ""K!0; the sum of f0$1370%K!, ##K!, and
##K# in "0K!0]. The arrows show the nominal fit regions.

TABLE I. Selection requirements on the invariant mass (in GeV) and helicity angle of B-daughter resonances.

Mode m## mK# cos!" cos!K!

"0K!"
K"#0 $0:52; 1:10% $0:75; 1:05% $#0:95; 0:95% $#0:5; 1:0%

"0K!"
K0

S#
" $0:52; 1:10% $0:75; 1:05% $#0:95; 0:95% $#0:9; 1:0%

""K!0 $0:40; 1:15% $0:77; 1:02% $#0:66; 0:95% $#0:95; 1:0%
"#K!"

K"#0 $0:40; 1:15% $0:77; 1:02% $#0:80; 0:98% $#0:80; 0:98%
"0K!0 $0:52; 1:15% $0:77; 1:02% $#0:95; 0:95% $#0:95; 1:0%
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To reject the dominant q !q continuum background, we
require j cos!Tj< 0:8, where !T is the c.m. frame angle
between the thrust axes of the B candidate and that formed
from the other tracks and neutral clusters in the event. We
also use as discriminant variables the polar angles of the
B-momentum vector and the B-candidate thrust axis with
respect to the beam axis and the two Legendre moments L0
and L2 of the energy flow around the B-candidate thrust
axis in the c.m. frame [12]. These variables are combined
in a Fisher discriminant F ("0K!") or a neural network
(NN) (other modes). Finally, we suppress background from
B decays to charmed states by removing signal candidates
that have decay products consistent with D0 ! K##"$#0%
and D# ! K"#### decays.

We use an extended (not extended in the ""K!0mode)
unbinned maximum-likelihood (ML) fit to extract signal
yields, asymmetries, and angular polarizations simulta-
neously. We define the likelihood Li for each event can-
didate i as the sum of njP j$ ~xi; ~$% over hypotheses j
(signal, q !q background, and several B !B backgrounds dis-
cussed below), where the P j$ ~xi; ~$% are the probability
density functions (PDFs) for the measured variables ~xi,
and nj are the yields for the different hypotheses. The
quantities ~$ represent parameters in the expected distribu-
tions of the measured variables for each hypothesis. They
are extracted from MC simulation and $mES;"E% sideband
data. They are fixed in the fit except for some shape
parameters of the continuum "E and mES distributions.
The extended likelihood function for a sample of N can-
didates is L & exp$#P

nj%
QN

i&1 Li.
The fit input variables ~xi are mES, "E, NN or F ,

invariant masses of the candidates " 'f0$980%( and K!,
and helicity angles !" and !K! . We study large control
samples of B ! D# decays of similar topology to verify
the simulated resolutions in "E and mES, adjusting the
PDFs to account for any difference found.

Since almost all correlations among the fit input varia-
bles are found to be small, we take each P j to be the
product of the PDFs for the separate variables with the
following exceptions where we explicitly account for cor-
relations: the correlation between the two helicity angles in
signal, the correlation due to misreconstructed events in
signal, and the correlation between mass and helicity in
backgrounds. The effect of neglecting other correlations is
evaluated by fitting ensembles of simulated experiments in

which we embed the expected numbers of signal and
charmless B-background events, randomly extracted from
fully simulated MC samples.

We use MC-simulated events to study backgrounds from
other B decays. Charmless B backgrounds are grouped into
up to 11 classes with similar topologies depending on the
mode. Yields for decays with poorly known branching
fractions are varied in the fit with those remaining kept
fixed to their measured values. One to four additional
classes account for neutral and charged B decays to final
states with charm. Up to 6 classes account for misrecon-
structed events in signal. We also introduce components for
nonresonant backgrounds such as ##K!, "K#,
f0$980%K#, and f0$1370%K#, which differ from signal
only in resonance mass and helicity distributions. The
magnitudes of these components are determined by extrap-
olating from fits performed on a wider mass range reaching
to higher-mass values and are fixed in the fit. Figure 1
shows the sPlots [13] for the invariant mass of K# and ##
in the ""K!0and "0K!0 modes, respectively. The data
events are weighted by their probability to be signal,
calculated from the signal and backgrounds PDFs of the
"E, mES, and NN variables.

The results of the ML fits are summarized in Table II.
For the branching fractions, we assume equal production
rates of B"B#and B0 !B0. The significance S of a signal is
defined by " lnL & S2=2, where " lnL represents the
change in likelihood from the maximal value when the
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FIG. 1 (color online). sPlots [13] for the invariant mass of K#
in ""K!0 (left) and ## in "0=f0$980%K!0 (right) up to the
higher-mass regions. The points with error bars show the data,
and the solid (dashed) lines show the projected PDFs of the
signal and nonresonant background [nonresonant background
only: "K# in ""K!0; the sum of f0$1370%K!, ##K!, and
##K# in "0K!0]. The arrows show the nominal fit regions.

TABLE I. Selection requirements on the invariant mass (in GeV) and helicity angle of B-daughter resonances.

Mode m## mK# cos!" cos!K!

"0K!"
K"#0 $0:52; 1:10% $0:75; 1:05% $#0:95; 0:95% $#0:5; 1:0%

"0K!"
K0

S#
" $0:52; 1:10% $0:75; 1:05% $#0:95; 0:95% $#0:9; 1:0%

""K!0 $0:40; 1:15% $0:77; 1:02% $#0:66; 0:95% $#0:95; 1:0%
"#K!"

K"#0 $0:40; 1:15% $0:77; 1:02% $#0:80; 0:98% $#0:80; 0:98%
"0K!0 $0:52; 1:15% $0:77; 1:02% $#0:95; 0:95% $#0:95; 1:0%
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number of signal events is set to zero, corrected for the
systematic error defined below. We find significant signals
for !!K"0, !0K"0, and f0#980$K"!, and some evidence for
f0#980$K"0. For the modes with significance smaller than
5 standard deviations, we also measure the 90% confidence
level (C.L.) upper limit, taking into account the systematic
uncertainty. Figure 2 shows projections of the fits onto
mES.

A source of systematic error is related to the determi-
nation of the PDFs and is due to the limited statistics of the
Monte Carlo simulation and to the uncertainty on the PDF
shapes. We obtain variations in the yields ranging from 1%
to 18%, depending on the mode. The systematic error due
to the nonresonant background extrapolation and interfer-
ence with signal is in the range 6%–21%. Event yields for
B-background modes fixed in the fit are varied by their
respective uncertainties. This results in a systematic uncer-
tainty of 2%–12%. We evaluate and correct for possible fit
biases with MC experiments. We assign a systematic un-
certainty of 1%–7% for this.

The reconstruction efficiency depends on the decay
polarization. For the !0K"! mode, we calculate the effi-
ciency using the measured polarization (combined for the
two !0K"! modes) and assign a systematic uncertainty
corresponding to the total polarization measurement error
(9% and 20% for each mode, respectively). For the other
modes, we exploit the correlation between B and fL and
obtain the values of B from fits where B and fL are free
parameters. Figure 3 shows the behavior of %2 lnL#fL;B$
for the modes with significant signal.

Additional reconstruction efficiency uncertainties arise
from tracking (3%–5%), particle identification (1%–2%),
vertex probability (2%), track multiplicity (1%), and thrust
angle (1%). K0

S and "0 reconstruction contribute 2.3% and
3% uncertainty, respectively. Other minor systematic ef-
fects are from uncertainty in daughter branching fractions,

MC sample statistics, and the number of B mesons. The
absolute systematic uncertainty in fL takes into account
PDF shape variations (5%–10%), B and nonresonant back-
grounds (4%–8%), and efficiency dependence on the po-
larization (1%–2%). The absolute uncertainty in the
charge asymmetry due to track charge bias is less than
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FIG. 2 (color online). Projections of the multidimensional fit
onto mES for events passing a signal-to-total likelihood proba-
bility ratio cut with the plotted variable excluded for (a) !0K"!,
(b) !!K"0, (c) !%K"!, (d) !0K"0, (e) f0#980$K"!, and
(f) f0#980$K"0. The points with error bars show the data; the
solid, dashed, and dotted lines show the total, background, and
continuum PDF projections, respectively.

TABLE II. Summary of results for the measured B-decay modes: signal yield nsig and its statistical uncertainty, reconstruction
efficiency ", daughter branching fraction product

Q
Bi, significance S (systematic uncertainties included), measured branching

fraction B (90% C.L. upper limit in parentheses), measured longitudinal polarization fL (for the modes with nonsignificant signals, the
numbers in brackets are not quoted as measurements), and charge asymmetry ACP.

Mode nsig "#%$ Q
Bi#%$ S##$ B#10%6$ fL ACP

!0K"! 2.5 3:6!1:7
%1:6 & 0:8 (6.1) '0:9& 0:2( ) ) )

! !0K"!
K!"0 19!16

%15 7.9 32.9 1.3 3:2!2:7
%2:4 & 0:9 '0:8!0:3

%0:5( ) ) )
! !0K"!

K0
S"

! 32!19
%17 15.8 22.9 2.1 3:8!2:2

%2:1 & 0:9 '1:0& 0:3( ) ) )
!!K"0 194& 29 13.5 66.7 7.1 9:6& 1:7& 1:5 0:52& 0:10& 0:04 %0:01& 0:16& 0:02

!%K"!
K!"0 60!25

%22 15.2 32.5 1.6 5:4!3:8
%3:4 & 1:6 (12.0) '%0:18!0:52

%1:74( ) ) )
!0K"0 185& 30 22.9 66.7 5.3 5:6& 0:9& 1:3 0:57& 0:09& 0:08 0:09& 0:19& 0:02

f0#980$K"! 5.0 5:2& 1:2& 0:5 ) ) ) %0:34& 0:21& 0:03

! f0#980$K"!
K!"0 40!13

%12 8.5 32.9 3.8 6:2!2:1
%1:9 & 0:7 ) ) ) %0:50& 0:29& 0:03

! f0#980$K"!
K0

S"
! 37!14

%12 16.6 22.9 3.2 4:2!1:5
%1:4 & 0:5 ) ) ) %0:13& 0:30& 0:01

f0#980$K"0 83& 19 21.7 66.7 3.5 2:6& 0:6& 0:9 (4.3) ) ) ) %0:17& 0:28& 0:02
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number of signal events is set to zero, corrected for the
systematic error defined below. We find significant signals
for !!K"0, !0K"0, and f0#980$K"!, and some evidence for
f0#980$K"0. For the modes with significance smaller than
5 standard deviations, we also measure the 90% confidence
level (C.L.) upper limit, taking into account the systematic
uncertainty. Figure 2 shows projections of the fits onto
mES.

A source of systematic error is related to the determi-
nation of the PDFs and is due to the limited statistics of the
Monte Carlo simulation and to the uncertainty on the PDF
shapes. We obtain variations in the yields ranging from 1%
to 18%, depending on the mode. The systematic error due
to the nonresonant background extrapolation and interfer-
ence with signal is in the range 6%–21%. Event yields for
B-background modes fixed in the fit are varied by their
respective uncertainties. This results in a systematic uncer-
tainty of 2%–12%. We evaluate and correct for possible fit
biases with MC experiments. We assign a systematic un-
certainty of 1%–7% for this.

The reconstruction efficiency depends on the decay
polarization. For the !0K"! mode, we calculate the effi-
ciency using the measured polarization (combined for the
two !0K"! modes) and assign a systematic uncertainty
corresponding to the total polarization measurement error
(9% and 20% for each mode, respectively). For the other
modes, we exploit the correlation between B and fL and
obtain the values of B from fits where B and fL are free
parameters. Figure 3 shows the behavior of %2 lnL#fL;B$
for the modes with significant signal.

Additional reconstruction efficiency uncertainties arise
from tracking (3%–5%), particle identification (1%–2%),
vertex probability (2%), track multiplicity (1%), and thrust
angle (1%). K0

S and "0 reconstruction contribute 2.3% and
3% uncertainty, respectively. Other minor systematic ef-
fects are from uncertainty in daughter branching fractions,

MC sample statistics, and the number of B mesons. The
absolute systematic uncertainty in fL takes into account
PDF shape variations (5%–10%), B and nonresonant back-
grounds (4%–8%), and efficiency dependence on the po-
larization (1%–2%). The absolute uncertainty in the
charge asymmetry due to track charge bias is less than
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FIG. 2 (color online). Projections of the multidimensional fit
onto mES for events passing a signal-to-total likelihood proba-
bility ratio cut with the plotted variable excluded for (a) !0K"!,
(b) !!K"0, (c) !%K"!, (d) !0K"0, (e) f0#980$K"!, and
(f) f0#980$K"0. The points with error bars show the data; the
solid, dashed, and dotted lines show the total, background, and
continuum PDF projections, respectively.

TABLE II. Summary of results for the measured B-decay modes: signal yield nsig and its statistical uncertainty, reconstruction
efficiency ", daughter branching fraction product

Q
Bi, significance S (systematic uncertainties included), measured branching

fraction B (90% C.L. upper limit in parentheses), measured longitudinal polarization fL (for the modes with nonsignificant signals, the
numbers in brackets are not quoted as measurements), and charge asymmetry ACP.

Mode nsig "#%$ Q
Bi#%$ S##$ B#10%6$ fL ACP

!0K"! 2.5 3:6!1:7
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number of signal events is set to zero, corrected for the
systematic error defined below. We find significant signals
for !!K"0, !0K"0, and f0#980$K"!, and some evidence for
f0#980$K"0. For the modes with significance smaller than
5 standard deviations, we also measure the 90% confidence
level (C.L.) upper limit, taking into account the systematic
uncertainty. Figure 2 shows projections of the fits onto
mES.

A source of systematic error is related to the determi-
nation of the PDFs and is due to the limited statistics of the
Monte Carlo simulation and to the uncertainty on the PDF
shapes. We obtain variations in the yields ranging from 1%
to 18%, depending on the mode. The systematic error due
to the nonresonant background extrapolation and interfer-
ence with signal is in the range 6%–21%. Event yields for
B-background modes fixed in the fit are varied by their
respective uncertainties. This results in a systematic uncer-
tainty of 2%–12%. We evaluate and correct for possible fit
biases with MC experiments. We assign a systematic un-
certainty of 1%–7% for this.

The reconstruction efficiency depends on the decay
polarization. For the !0K"! mode, we calculate the effi-
ciency using the measured polarization (combined for the
two !0K"! modes) and assign a systematic uncertainty
corresponding to the total polarization measurement error
(9% and 20% for each mode, respectively). For the other
modes, we exploit the correlation between B and fL and
obtain the values of B from fits where B and fL are free
parameters. Figure 3 shows the behavior of %2 lnL#fL;B$
for the modes with significant signal.

Additional reconstruction efficiency uncertainties arise
from tracking (3%–5%), particle identification (1%–2%),
vertex probability (2%), track multiplicity (1%), and thrust
angle (1%). K0

S and "0 reconstruction contribute 2.3% and
3% uncertainty, respectively. Other minor systematic ef-
fects are from uncertainty in daughter branching fractions,

MC sample statistics, and the number of B mesons. The
absolute systematic uncertainty in fL takes into account
PDF shape variations (5%–10%), B and nonresonant back-
grounds (4%–8%), and efficiency dependence on the po-
larization (1%–2%). The absolute uncertainty in the
charge asymmetry due to track charge bias is less than
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FIG. 2 (color online). Projections of the multidimensional fit
onto mES for events passing a signal-to-total likelihood proba-
bility ratio cut with the plotted variable excluded for (a) !0K"!,
(b) !!K"0, (c) !%K"!, (d) !0K"0, (e) f0#980$K"!, and
(f) f0#980$K"0. The points with error bars show the data; the
solid, dashed, and dotted lines show the total, background, and
continuum PDF projections, respectively.

TABLE II. Summary of results for the measured B-decay modes: signal yield nsig and its statistical uncertainty, reconstruction
efficiency ", daughter branching fraction product

Q
Bi, significance S (systematic uncertainties included), measured branching

fraction B (90% C.L. upper limit in parentheses), measured longitudinal polarization fL (for the modes with nonsignificant signals, the
numbers in brackets are not quoted as measurements), and charge asymmetry ACP.
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Bi#%$ S##$ B#10%6$ fL ACP

!0K"! 2.5 3:6!1:7
%1:6 & 0:8 (6.1) '0:9& 0:2( ) ) )

! !0K"!
K!"0 19!16

%15 7.9 32.9 1.3 3:2!2:7
%2:4 & 0:9 '0:8!0:3

%0:5( ) ) )
! !0K"!

K0
S"

! 32!19
%17 15.8 22.9 2.1 3:8!2:2

%2:1 & 0:9 '1:0& 0:3( ) ) )
!!K"0 194& 29 13.5 66.7 7.1 9:6& 1:7& 1:5 0:52& 0:10& 0:04 %0:01& 0:16& 0:02

!%K"!
K!"0 60!25

%22 15.2 32.5 1.6 5:4!3:8
%3:4 & 1:6 (12.0) '%0:18!0:52

%1:74( ) ) )
!0K"0 185& 30 22.9 66.7 5.3 5:6& 0:9& 1:3 0:57& 0:09& 0:08 0:09& 0:19& 0:02

f0#980$K"! 5.0 5:2& 1:2& 0:5 ) ) ) %0:34& 0:21& 0:03

! f0#980$K"!
K!"0 40!13

%12 8.5 32.9 3.8 6:2!2:1
%1:9 & 0:7 ) ) ) %0:50& 0:29& 0:03

! f0#980$K"!
K0

S"
! 37!14

%12 16.6 22.9 3.2 4:2!1:5
%1:4 & 0:5 ) ) ) %0:13& 0:30& 0:01

f0#980$K"0 83& 19 21.7 66.7 3.5 2:6& 0:6& 0:9 (4.3) ) ) ) %0:17& 0:28& 0:02

PRL 97, 201801 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
17 NOVEMBER 2006

201801-6

number of signal events is set to zero, corrected for the
systematic error defined below. We find significant signals
for !!K"0, !0K"0, and f0#980$K"!, and some evidence for
f0#980$K"0. For the modes with significance smaller than
5 standard deviations, we also measure the 90% confidence
level (C.L.) upper limit, taking into account the systematic
uncertainty. Figure 2 shows projections of the fits onto
mES.

A source of systematic error is related to the determi-
nation of the PDFs and is due to the limited statistics of the
Monte Carlo simulation and to the uncertainty on the PDF
shapes. We obtain variations in the yields ranging from 1%
to 18%, depending on the mode. The systematic error due
to the nonresonant background extrapolation and interfer-
ence with signal is in the range 6%–21%. Event yields for
B-background modes fixed in the fit are varied by their
respective uncertainties. This results in a systematic uncer-
tainty of 2%–12%. We evaluate and correct for possible fit
biases with MC experiments. We assign a systematic un-
certainty of 1%–7% for this.

The reconstruction efficiency depends on the decay
polarization. For the !0K"! mode, we calculate the effi-
ciency using the measured polarization (combined for the
two !0K"! modes) and assign a systematic uncertainty
corresponding to the total polarization measurement error
(9% and 20% for each mode, respectively). For the other
modes, we exploit the correlation between B and fL and
obtain the values of B from fits where B and fL are free
parameters. Figure 3 shows the behavior of %2 lnL#fL;B$
for the modes with significant signal.

Additional reconstruction efficiency uncertainties arise
from tracking (3%–5%), particle identification (1%–2%),
vertex probability (2%), track multiplicity (1%), and thrust
angle (1%). K0

S and "0 reconstruction contribute 2.3% and
3% uncertainty, respectively. Other minor systematic ef-
fects are from uncertainty in daughter branching fractions,

MC sample statistics, and the number of B mesons. The
absolute systematic uncertainty in fL takes into account
PDF shape variations (5%–10%), B and nonresonant back-
grounds (4%–8%), and efficiency dependence on the po-
larization (1%–2%). The absolute uncertainty in the
charge asymmetry due to track charge bias is less than
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FIG. 2 (color online). Projections of the multidimensional fit
onto mES for events passing a signal-to-total likelihood proba-
bility ratio cut with the plotted variable excluded for (a) !0K"!,
(b) !!K"0, (c) !%K"!, (d) !0K"0, (e) f0#980$K"!, and
(f) f0#980$K"0. The points with error bars show the data; the
solid, dashed, and dotted lines show the total, background, and
continuum PDF projections, respectively.

TABLE II. Summary of results for the measured B-decay modes: signal yield nsig and its statistical uncertainty, reconstruction
efficiency ", daughter branching fraction product

Q
Bi, significance S (systematic uncertainties included), measured branching

fraction B (90% C.L. upper limit in parentheses), measured longitudinal polarization fL (for the modes with nonsignificant signals, the
numbers in brackets are not quoted as measurements), and charge asymmetry ACP.

Mode nsig "#%$ Q
Bi#%$ S##$ B#10%6$ fL ACP
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number of signal events is set to zero, corrected for the
systematic error defined below. We find significant signals
for !!K"0, !0K"0, and f0#980$K"!, and some evidence for
f0#980$K"0. For the modes with significance smaller than
5 standard deviations, we also measure the 90% confidence
level (C.L.) upper limit, taking into account the systematic
uncertainty. Figure 2 shows projections of the fits onto
mES.

A source of systematic error is related to the determi-
nation of the PDFs and is due to the limited statistics of the
Monte Carlo simulation and to the uncertainty on the PDF
shapes. We obtain variations in the yields ranging from 1%
to 18%, depending on the mode. The systematic error due
to the nonresonant background extrapolation and interfer-
ence with signal is in the range 6%–21%. Event yields for
B-background modes fixed in the fit are varied by their
respective uncertainties. This results in a systematic uncer-
tainty of 2%–12%. We evaluate and correct for possible fit
biases with MC experiments. We assign a systematic un-
certainty of 1%–7% for this.

The reconstruction efficiency depends on the decay
polarization. For the !0K"! mode, we calculate the effi-
ciency using the measured polarization (combined for the
two !0K"! modes) and assign a systematic uncertainty
corresponding to the total polarization measurement error
(9% and 20% for each mode, respectively). For the other
modes, we exploit the correlation between B and fL and
obtain the values of B from fits where B and fL are free
parameters. Figure 3 shows the behavior of %2 lnL#fL;B$
for the modes with significant signal.

Additional reconstruction efficiency uncertainties arise
from tracking (3%–5%), particle identification (1%–2%),
vertex probability (2%), track multiplicity (1%), and thrust
angle (1%). K0

S and "0 reconstruction contribute 2.3% and
3% uncertainty, respectively. Other minor systematic ef-
fects are from uncertainty in daughter branching fractions,

MC sample statistics, and the number of B mesons. The
absolute systematic uncertainty in fL takes into account
PDF shape variations (5%–10%), B and nonresonant back-
grounds (4%–8%), and efficiency dependence on the po-
larization (1%–2%). The absolute uncertainty in the
charge asymmetry due to track charge bias is less than
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FIG. 2 (color online). Projections of the multidimensional fit
onto mES for events passing a signal-to-total likelihood proba-
bility ratio cut with the plotted variable excluded for (a) !0K"!,
(b) !!K"0, (c) !%K"!, (d) !0K"0, (e) f0#980$K"!, and
(f) f0#980$K"0. The points with error bars show the data; the
solid, dashed, and dotted lines show the total, background, and
continuum PDF projections, respectively.

TABLE II. Summary of results for the measured B-decay modes: signal yield nsig and its statistical uncertainty, reconstruction
efficiency ", daughter branching fraction product

Q
Bi, significance S (systematic uncertainties included), measured branching

fraction B (90% C.L. upper limit in parentheses), measured longitudinal polarization fL (for the modes with nonsignificant signals, the
numbers in brackets are not quoted as measurements), and charge asymmetry ACP.
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TABLE I: Fit results for decay modes with final states K+π−K−π+ and K+π−K+π−. The fit bias (in units of events) is
obtained from MC simulation; the yield includes the bias correction; the efficiency ε includes the PID efficiency correction and
branching fractions for K∗0 → K+π− and K∗

0 (1430) → K+π− (66.5% and 66.7%, respectively); and the significance S is in
units of σ. The first (second) error listed is statistical (systematic).

Mode Fit bias Yield ε (%) S B × 106 UL ×106

B0 → K∗0K∗0 1.5± 0.7 7.7+9.7+2.8
−8.5−2.2 4.43 (fL = 1.0) 0.9 0.26+0.33+0.10

−0.29−0.08 < 0.8

B0 → K∗0K−π+ −5.4± 2.9 18.2+48.4+41.7
−45.3−40.9 1.31 0.3 2.11+5.63+4.85

−5.26−4.75 < 13.9

B0 → K∗
0 (1430)K

∗
0(1430) 2.1± 5.1 78.5+70.6+56.4

−69.6−56.8 3.72 0.8 3.21+2.89+2.31
−2.85−2.32 < 8.4

B0 → K∗
0 (1430)K

∗0 13.3± 2.3 19.6+31.1+40.0
−31.0−43.0 4.38 0.4 0.68± 1.08+1.39

−1.49 < 3.3

B0 → K∗
0 (1430)K

−π+ 14.6± 9.8 −222.8+171.5+159.8
−170.8−168.6 1.34 — — < 31.8

Nonresonant B0 → K+π−K−π+ −10.8± 7.3 158.4+120.6+104.1
−117.8−105.0 0.82 1.0 29.41+22.39+19.32

−21.87−19.49 < 71.7

B0 → K∗0K∗0 1.0± 0.5 −3.7± 3.3+2.5
−2.7 5.74 (fL = 1.0) — — < 0.2

B0 → K∗0K+π− −2.5± 2.7 0.5± 32.3+43.5
−40.1 1.93 0.0 0.04± 2.55+3.43

−3.16 < 7.6

B0 → K∗
0 (1430)K

∗
0 (1430) 3.4± 1.3 −28.4± 16.1+87.7

−21.1 4.28 — — < 4.7

B0 → K∗
0 (1430)K

∗0 8.2± 1.6 8.0± 18.7+23.9
−30.3 5.14 0.3 0.24± 0.55+0.71

−0.90 < 1.7

Nonresonant B0 → K+π−K+π− 7.7± 2.2 10.8 ± 28.3+31.4
−101.5 1.98 0.3 0.83± 2.17+2.42

−7.80 < 6.0
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FIG. 1: Projections of the four-dimensional fit onto (a) ∆E, (b) Mbc, (c) M(K+π−), and (d) M(K−π+) for candidates
satisfying (except for the variable plotted) ∆E ∈ [−0.045, 0.045] GeV, Mbc ∈ [5.27, 5.29] GeV/c2, and M1,2(Kπ) ∈
[0.826, 0.966] GeV/c2. The thick solid curve shows the overall fit result; the solid shaded region represents the B0 → K∗0K∗0

signal component; and the dotted, dot-dashed and dashed curves represent continuum background, b → c background, and
charmless B decay background, respectively.
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TABLE I: Fit results for decay modes with final states K+π−K−π+ and K+π−K+π−. The fit bias (in units of events) is
obtained from MC simulation; the yield includes the bias correction; the efficiency ε includes the PID efficiency correction and
branching fractions for K∗0 → K+π− and K∗

0 (1430) → K+π− (66.5% and 66.7%, respectively); and the significance S is in
units of σ. The first (second) error listed is statistical (systematic).

Mode Fit bias Yield ε (%) S B × 106 UL ×106

B0 → K∗0K∗0 1.5± 0.7 7.7+9.7+2.8
−8.5−2.2 4.43 (fL = 1.0) 0.9 0.26+0.33+0.10

−0.29−0.08 < 0.8

B0 → K∗0K−π+ −5.4± 2.9 18.2+48.4+41.7
−45.3−40.9 1.31 0.3 2.11+5.63+4.85

−5.26−4.75 < 13.9

B0 → K∗
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−101.5 1.98 0.3 0.83± 2.17+2.42

−7.80 < 6.0

0
2.5

5
7.5
10

12.5
15

17.5
20

-0.1 -0.05 0 0.05 0.1

(a)

!E (GeV)

Ev
en

ts
/ 1

0 
M

eV

0
2.5

5
7.5
10

12.5
15

17.5
20

5.25 5.26 5.27 5.28 5.29 5.3

(b)

Mbc (GeV/c2)

Ev
en

ts
/ 2

 M
eV

0
5

10
15
20
25
30
35
40
45
50

0.7 0.9 1.1 1.3 1.5 1.7

(c)

M1(K
+"-) (GeV)

Ev
en

ts
/ 5

0 
M

eV
0
5

10
15
20
25
30
35
40
45
50

0.7 0.9 1.1 1.3 1.5 1.7

(d)

M2(K
-"+) (GeV)

Ev
en

ts
/ 5

0 
M

eV

FIG. 1: Projections of the four-dimensional fit onto (a) ∆E, (b) Mbc, (c) M(K+π−), and (d) M(K−π+) for candidates
satisfying (except for the variable plotted) ∆E ∈ [−0.045, 0.045] GeV, Mbc ∈ [5.27, 5.29] GeV/c2, and M1,2(Kπ) ∈
[0.826, 0.966] GeV/c2. The thick solid curve shows the overall fit result; the solid shaded region represents the B0 → K∗0K∗0

signal component; and the dotted, dot-dashed and dashed curves represent continuum background, b → c background, and
charmless B decay background, respectively.
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TABLE I: Fit results for decay modes with final states K+π−K−π+ and K+π−K+π−. The fit bias (in units of events) is
obtained from MC simulation; the yield includes the bias correction; the efficiency ε includes the PID efficiency correction and
branching fractions for K∗0 → K+π− and K∗

0 (1430) → K+π− (66.5% and 66.7%, respectively); and the significance S is in
units of σ. The first (second) error listed is statistical (systematic).
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−30.3 5.14 0.3 0.24± 0.55+0.71

−0.90 < 1.7
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FIG. 1: Projections of the four-dimensional fit onto (a) ∆E, (b) Mbc, (c) M(K+π−), and (d) M(K−π+) for candidates
satisfying (except for the variable plotted) ∆E ∈ [−0.045, 0.045] GeV, Mbc ∈ [5.27, 5.29] GeV/c2, and M1,2(Kπ) ∈
[0.826, 0.966] GeV/c2. The thick solid curve shows the overall fit result; the solid shaded region represents the B0 → K∗0K∗0

signal component; and the dotted, dot-dashed and dashed curves represent continuum background, b → c background, and
charmless B decay background, respectively.
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TABLE I: Fit results for decay modes with final states K+π−K−π+ and K+π−K+π−. The fit bias (in units of events) is
obtained from MC simulation; the yield includes the bias correction; the efficiency ε includes the PID efficiency correction and
branching fractions for K∗0 → K+π− and K∗

0 (1430) → K+π− (66.5% and 66.7%, respectively); and the significance S is in
units of σ. The first (second) error listed is statistical (systematic).
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FIG. 1: Projections of the four-dimensional fit onto (a) ∆E, (b) Mbc, (c) M(K+π−), and (d) M(K−π+) for candidates
satisfying (except for the variable plotted) ∆E ∈ [−0.045, 0.045] GeV, Mbc ∈ [5.27, 5.29] GeV/c2, and M1,2(Kπ) ∈
[0.826, 0.966] GeV/c2. The thick solid curve shows the overall fit result; the solid shaded region represents the B0 → K∗0K∗0

signal component; and the dotted, dot-dashed and dashed curves represent continuum background, b → c background, and
charmless B decay background, respectively.
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FIG. 2: Same as for Fig. 1 but for the B0 → K∗0K∗0 → (K+π−)(K+π−) study: (a) ∆E, (b) Mbc, (c) M1(K
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in the !K!0"1430# mass range and extrapolate to the K!0

mass range. Interference effects between the K!0 and the
spin-0 final states [nonresonant and !K!0"1430#] integrate to
zero as the acceptance of the detector and analysis is
uniform. Assuming no interference, we expect 6$ 5 B0 !
K!0 !K!0"1430# events in the fitted B0 ! K!0 !K!0 signal
region. The uncertainty on the contribution is calculated
from the statistical error and the large uncertainty in the
fitted LASS parameters used to describe the !K!0"1430# line
shape. We fix the yield in the final fit and vary the yield by
its error to assess the systematic uncertainty.

The continuum background PDF parameters that are
allowed to vary are the F peak position, ! for mES, the
slope of "E, and the polynomial coefficients and normal-

ization describing the mass and helicity angle distributions.
We fit for B and fL directly and exploit the fact that B is
less correlated with fL than is either the yield or the
efficiency taken separately.

The total event sample consists of 7363 and 1390 events
for B0 ! K!0 !K!0 and B0 ! K!0K!0, respectively. The re-
sults of the ML fits are summarized in Table I. The B !B
background yield agrees with the MC prediction within the
statistical errors. The significance S of the signal is defined
as S % 2" lnL, where " lnL is the change in likelihood
from the maximum value when the number of signal events
is set to zero, corrected for the systematic error defined
below. The robustness of the significance estimate is cross-
checked through fitting a series of toy MC ensembles
generated from the fitted parameters. The significance of
the B0 ! K!0 !K!0 branching fraction is 6", including sta-
tistical and systematic uncertainties. For B0 ! K!0K!0, we
compute the 90% CL upper limit as the branching fraction
below which lies 90% of the total likelihood integral,
taking into account the systematic uncertainty. Figure 1
shows the projections of the fits onto mES, "E, K!0 mass
and cosine of the K!0 helicity angle for B0 ! K!0 !K!0.

Systematic uncertainties in the branching fractions are
dominated by our knowledge of the PDF modeling.
Varying the PDF parameters by their errors results in
changes in the yields of 6.5% and 19.0% for B0 !
K!0 !K!0 and B0 ! K!0K!0, respectively. The largest con-
tribution comes from the width of the K!0.

The reconstruction efficiency depends on the decay
polarization. We calculate the efficiency using the mea-
sured polarization and assign a systematic error from the

TABLE I. Summary of results: signal yield nsig, the B !B back-
ground yield nB !B, signal reconstruction efficiency " [taking into
account that B"K!0 ! K&#'# % 2=3], significance S (system-
atic uncertainties included), branching fraction B, 90% CL
upper limit for B0 ! K!0K!0 branching fraction, and the longi-
tudinal polarization fL. The first error given is statistical and the
second is systematic.

Channel K!0 !K!0 K!0K!0

nsig 33:5&9:1
'8:1 2:7$ 3:3

nB !B 19$ 12 68$ 29
" (%) 6.8 6.4
S""# 6 0.9
B"10'6# 1:28&0:35

'0:30 $ 0:11 0:11&0:16
'0:11 $ 0:04

UL B"10'6# ( ( ( 0.41
fL 0:80&0:10
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FIG. 1 (color online). Projections of the multidimensional fit onto (a) mES; (b) "E; (c) K!0 mass; and (d) cosine of K!0 helicity angle
for B0 ! K!0 !K!0 events selected with a requirement on the signal-to-total likelihood probability ratio, optimized for each variable,
with the plotted variable excluded. The points with error bars show the data; the solid line shows signal-plus-background; the dashed
line is the continuum background; the hatched region is the signal; and the shaded region is the B !B background.
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in the !K!0"1430# mass range and extrapolate to the K!0

mass range. Interference effects between the K!0 and the
spin-0 final states [nonresonant and !K!0"1430#] integrate to
zero as the acceptance of the detector and analysis is
uniform. Assuming no interference, we expect 6$ 5 B0 !
K!0 !K!0"1430# events in the fitted B0 ! K!0 !K!0 signal
region. The uncertainty on the contribution is calculated
from the statistical error and the large uncertainty in the
fitted LASS parameters used to describe the !K!0"1430# line
shape. We fix the yield in the final fit and vary the yield by
its error to assess the systematic uncertainty.

The continuum background PDF parameters that are
allowed to vary are the F peak position, ! for mES, the
slope of "E, and the polynomial coefficients and normal-

ization describing the mass and helicity angle distributions.
We fit for B and fL directly and exploit the fact that B is
less correlated with fL than is either the yield or the
efficiency taken separately.

The total event sample consists of 7363 and 1390 events
for B0 ! K!0 !K!0 and B0 ! K!0K!0, respectively. The re-
sults of the ML fits are summarized in Table I. The B !B
background yield agrees with the MC prediction within the
statistical errors. The significance S of the signal is defined
as S % 2" lnL, where " lnL is the change in likelihood
from the maximum value when the number of signal events
is set to zero, corrected for the systematic error defined
below. The robustness of the significance estimate is cross-
checked through fitting a series of toy MC ensembles
generated from the fitted parameters. The significance of
the B0 ! K!0 !K!0 branching fraction is 6", including sta-
tistical and systematic uncertainties. For B0 ! K!0K!0, we
compute the 90% CL upper limit as the branching fraction
below which lies 90% of the total likelihood integral,
taking into account the systematic uncertainty. Figure 1
shows the projections of the fits onto mES, "E, K!0 mass
and cosine of the K!0 helicity angle for B0 ! K!0 !K!0.

Systematic uncertainties in the branching fractions are
dominated by our knowledge of the PDF modeling.
Varying the PDF parameters by their errors results in
changes in the yields of 6.5% and 19.0% for B0 !
K!0 !K!0 and B0 ! K!0K!0, respectively. The largest con-
tribution comes from the width of the K!0.

The reconstruction efficiency depends on the decay
polarization. We calculate the efficiency using the mea-
sured polarization and assign a systematic error from the

TABLE I. Summary of results: signal yield nsig, the B !B back-
ground yield nB !B, signal reconstruction efficiency " [taking into
account that B"K!0 ! K&#'# % 2=3], significance S (system-
atic uncertainties included), branching fraction B, 90% CL
upper limit for B0 ! K!0K!0 branching fraction, and the longi-
tudinal polarization fL. The first error given is statistical and the
second is systematic.

Channel K!0 !K!0 K!0K!0

nsig 33:5&9:1
'8:1 2:7$ 3:3

nB !B 19$ 12 68$ 29
" (%) 6.8 6.4
S""# 6 0.9
B"10'6# 1:28&0:35

'0:30 $ 0:11 0:11&0:16
'0:11 $ 0:04

UL B"10'6# ( ( ( 0.41
fL 0:80&0:10

'0:12 $ 0:06 1:0$ 1:0

)2 (GeV/cESM
5.25 5.26 5.27 5.28

 )2
E

v
e

n
ts

 /
 (

 0
.0

0
2
6
 G

e
V

/c

0

5

10

15

20

25

)2 (GeV/cESM
5.25 5.26 5.27 5.28

 )2
E

v
e

n
ts

 /
 (

 0
.0

0
2
6
 G

e
V

/c

0

5

10

15

20

25
a)

 E (GeV)∆
0 0.1 0.2

E
v
e
n

ts
 /
 (

 0
.0

2
 G

e
V

 )

0

5

10

15

20

25

 E (GeV)∆
0 0.1 0.2

E
v
e
n

ts
 /
 (

 0
.0

2
 G

e
V

 )

0

5

10

15

20

25
b)

)2 Mass (GeV/c*0K

0.8 0.85 0.9 0.95 1

 )2
E

v
e

n
ts

 /
 (

 0
.0

2
 G

e
V

/c

0

10

20

30

)2 Mass (GeV/c*0K

0.8 0.85 0.9 0.95 1

 )2
E

v
e

n
ts

 /
 (

 0
.0

2
 G

e
V

/c

0

10

20

30
c)

 helicity*0K

-1 -0.5 0 0.5

E
v

e
n

ts
 /

 (
 0

.1
3
2

 )

0

5

10

15

20

 helicity*0K

-1 -0.5 0 0.5

E
v

e
n

ts
 /

 (
 0

.1
3
2

 )

0

5

10

15

20
d)

FIG. 1 (color online). Projections of the multidimensional fit onto (a) mES; (b) "E; (c) K!0 mass; and (d) cosine of K!0 helicity angle
for B0 ! K!0 !K!0 events selected with a requirement on the signal-to-total likelihood probability ratio, optimized for each variable,
with the plotted variable excluded. The points with error bars show the data; the solid line shows signal-plus-background; the dashed
line is the continuum background; the hatched region is the signal; and the shaded region is the B !B background.
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uncertainty on fL of 3.4% and 27.0% for B0 ! K!0 !K!0 and
B0 ! K!0K!0, respectively. Figure 2 shows the behavior of
"2 lnL#B; fL$ for the B0 ! K!0 !K!0 mode.

The uncertainties in PDF modeling and fL are additive
in nature and affect the significance of the branching
fraction results. Multiplicative uncertainties include recon-
struction efficiency uncertainties from tracking (3.2%) and
particle identification (4.4%), track multiplicity (1%), MC
signal efficiency statistics (0.6%), and the number of B !B
pairs (1.1%). Variation of the expected yield from B0 !
K!0 !K!0#1430$ events has a negligible effect on the signal.

The systematic uncertainty in fL is dominated by the
PDF shape variations, which contribute 7% for B0 !
K!0 !K!0 and 20% for B0 ! K!0K!0. Other errors identified
above for the branching fraction have a very small effect on
fL and contribute in total 0.7%. The total systematic error
is summarized in Table I.

In summary, we have measured the branching fraction
B#B0 ! K!0 !K!0$ % &1:28'0:35

"0:30#stat$ ( 0:11#syst$) * 10"6

with a significance of 6!. We find the fraction of longitu-
dinal polarization fL % 0:80'0:10

"0:12#stat$ ( 0:06#syst$. Both
results are in agreement with the upper range of theoretical
predictions. The 90% CL upper limit on the branching
fraction B#B0 ! K!0K!0$< 0:41* 10"6 is 2 orders of
magnitude more stringent than previous measurements.
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• NBB̄ = 657 M

• no significant signal in either
K∗0K̄∗0 or K∗0K∗0

• NBB̄ = 383 M

• K∗0K̄∗0 is observed by 6σ
fL = 0.80+0.10

−0.12 ± 0.06
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B → K∗0K̄∗0

• K∗0K̄∗0

Y (events) � (%) S(σ) B(10−6) fL
BaBar 33.5+9.1

−8.1 6.8 6.0 1.28+0.35
−0.30 ± 0.11 ∼ 0.80

Belle 7.7+9.7
−8.5

+2.8
−2.2 4.4 0.9 < 0.8 −

• K∗0K∗0

Y (events) � (%) S(σ) B(10−6) fL
BaBar 2.7 ± 3.3 6.4 0.9 < 0.41 −
Belle −3.7 ± 3.3+2.5

−2.7 5.7 − < 0.2 −

Belle efficiencies assume fL = 1.0

Youngjoon Kwon B decays from Belle and BaBar Apr. 21, 2010, DIS 2010
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VV puzzle?
Not completely understood, but improving

• Enhanced annihilation and non-factorizable contributions

- Beneke, Rohrer, D.-S. Yang, NPB 774, 64 (2007)
- Cheng, K.-C. Yang, PRD 78, 094001 (2008)

• Final-state interactions
• New physics?
• What about other spins?

Youngjoon Kwon B decays from Belle and BaBar Apr. 21, 2010, DIS 2010 23



2
from J. Smith @ FPCP 2009

16

B!VV predictions 
Cheng&Yang, PRD 78, 094001 (2008).

Free parameters in the models taken from experiment

15.9!2.1

  24.0!2.0

2.0!0.5
"#7.4 

  3.4! $ "1 0

1.2!0.5
"#2.0 

  0.90! $ "0 06

 0.950! $0 016

  0.70! $ "0 13

Excellent agreement
from J. Smith @ FPCP 2009
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Baryonic B decays

25

multi-body hierarchy, seen in B to charm-baryon decays

•  

• would this pattern repeat in charmless baryonic B decays?

near-threshold enhancement is seen in all B baryonic 
decays

first observation of 4-body charmless baryonic B decays 
(Belle, 2009)

• what about multi-body hierarchy and near-threshold 
enhancement?

Mar. 15, 2010 Moriond QCD Jeri M.C. CHANG- Hadronic B Decays at Belle and BaBar 5

Baryonic B Decays

First 4-body charmless baryonic decay has 
been observed
Motivation: 

Br(4-body)> Br(3-body)> Br(2-body)

)()()( 0 pBBrpBBrpBBr

)()()( 00
ccc pBBrpBBrpBBr

b c tree diagram

b s penguin or b u tree diagrams



Near-threshold enhancement

observed in all baryonic decays

• B → ΛΛ̄h, h = K±,K∗, D̄0

PRD 79, 052006 (2009)

• B → pΛ̄h, h = π±,K±,K∗

PRD 76, 052004 (2007)

• B → pp̄h, h = π±,K±,K∗

PRL 100, 251801 (2008)

C. Background suppression

After the above selection requirements, the background
in the candidate region arises predominantly from contin-
uum eþe" ! q !q (q ¼ u, d, s, and c) processes. We sup-
press jetlike continuum background relative to the more
spherical B !B signal using a Fisher discriminant [17] that
combines 17 event shape variables as described in
Ref. [18]. We then optimize the coefficients separately in
seven different missing-mass regions defined in Ref. [19]
to improve the signal-to-background ratio. Probability den-
sity functions (PDFs) for the Fisher discriminant and the
cosine of the angle between the B flight direction and the
beam direction in the "ð4SÞ rest frame are combined to
form the signal (background) likelihood Ls (Lb). The
signal PDFs are determined using signal MC simulation;
the background PDFs are obtained from the sideband
region of the data: 5:20 GeV=c2 <Mbc < 5:26 GeV=c2

or j#Ej> 0:1 GeV. We require the likelihood ratio R ¼
Ls=ðLs þLbÞ to be greater than 0.85 for all seven
missing-mass regions. This value is determined by opti-
mizing ns=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ns þ nb

p
as a function of R, where ns and nb

denote the expected numbers of signal and background
events in the signal box, respectively. We assume a signal
branching fraction of 10"5 to estimate ns and use the data
sideband events to determine nb.

To ensure that the decay process is genuinely charmless,
we apply a charm veto. Bþ ! p !$!þ!" candidate events
with 2:10 GeV=c2 <M$!þ < 2:32 GeV=c2 are removed
to avoid background from Bþ ! p !$"

c !
þ and Bþ ! p !%0

c,
!%0
c ! !$"

c !
þ with !$"

c ! !$!" decay. From MC simula-
tion, there are events from B0 ! p !$!" in the candidate
region. For simplicity, we remove B candidates if the
corresponding reconstructed Mbc and #E, using only the
three daughters (i.e., p !$!"), are in the signal box. This
selection removed about 4.8% of candidate events. The
contribution of the B background component with % !
$" has a #E distribution that is different from signal. This
is included in the systematic uncertainty from PDF model-
ing by comparing the fit results with and without this
background component in the fit. If there are multiple B
candidates in a single event, we select the one with the best
#2 value for the p!þ!" vertex fit. The fraction of multiple
B candidate events is 18.8%. The systematic errors due to
multiple B candidates are described later.

III. EXTRACTION OF SIGNAL

In order to obtain the signal yield for the p !$!þ!" final
state, we perform an unbinned extended likelihood fit that
maximizes the likelihood function

L ¼ e"ðNp !$!þ!"þNq !qÞ

N!

YN

i¼1

ðNp !$!þ!"Pp !$!þ!" þ Nq !qPq !qÞ;

where N is the number of total events. Np !$!þ!" and Nq !q

are fit parameters representing the numbers of p !$!þ!"

signal events and continuum background events, respec-
tively. Each function P is a PDF expressed as an uncorre-
lated product of shapes of the Mbc and #E distributions:
P ¼ PMbc

& P#E.
For the PDFs related to B decays, we use a Gaussian

function to represent PMbc
and a double Gaussian for P#E

with parameters determined from a MC signal simulation

of Bþ ! p !$!þ!" phase space. To model the PMbc
con-

tinuum background, we use a parametrization that was first

employed by the ARGUS Collaboration, fðMbcÞ /
x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1" x2

p
e"$ð1"x2Þ, where x is Mbc=Ebeam and $ is a fit

parameter [20]. The P#E continuum background shape is
modeled by a normalized second-order polynomial whose
coefficients are fit parameters.
We study mass spectra for the p !$, p!", p!þ, $!",

$!þ, !þ!", p !$!", p !$!þ, p!þ!", and $!þ!"

combinations using the B signal yields obtained as
functions of those masses. There is a clear enhance-

ment near threshold in the p !$ mass for signal candidates.

We fit the p !$ mass distribution with a threshold function:

fthr / ð#Mp !$Þse½c1&ð#Mp !$Þþc2&ð#Mp !$Þ2þc3&ð#Mp !$Þ3(, where

#Mp !$ ) Mp !$ "mp "m$; s, c1, c2, and c3 are fit pa-

rameters. The result is shown in Fig. 1. The excess in the
region 3:5 GeV=c2 <Mp !$ < 4:0 GeV=c2 will be investi-

gated in a study of systematic effects. The only other
resonancelike structure found is in the !þ!" mass spec-
trum where we observe a clear %0 signal. We correct
the fitted B signal yields by the efficiencies to obtain the

total BðBþ ! p !$!þ!"ÞTot ¼ ð11:28þ0:91
"0:72 * 1:03Þ &

10"6, where nonresonant and possible intermediate reso-
nance decays are all included.
In order to investigate three-body decays such as Bþ !

p !$%0 and Bþ ! p !$f2ð1270Þ, we perform an unbinned
extended likelihood fit that maximizes the likelihood func-

0

250

500

750

1000

1250

1500

1750

2000

2250

1.5 2 2.5 3 3.5 4 4.5 5

MpΛ
–   ( GeV/c2 )MpΛ
–   ( GeV/c2 )MpΛ
–   ( GeV/c2 )

E
ve

nt
s 

/ (
 0

.1
 G

eV
/c

2  )

FIG. 1. B signal yields obtained as a function of the p !$ mass.
The yields are corrected for the mass-dependent efficiency. The
solid curve shows a fit with a threshold function.
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B0 → pΛ̄π−

has two associated systematic effects. The first results in an
approximate 0.2% increase in the branching fraction due to
the residual !c component that survives the cut. The
second results in an approximate 0.5% reduction of the
branching fraction due to the reduced Dalitz-plot phase
space. We correct for these effects and take the larger of the
two as the uncertainty associated with the !c veto cut.

We vary parameters that are kept fixed in the likelihood
fit by their uncertainties, as measured on the signal-
Monte Carlo sample fit, and measure the variation of the

sP lot fitted result. The uncertainties associated with the
parameters that enter the definition of the signal PDF are
conservatively considered as correlated and are thus added
to give a signal-PDF overall uncertainty of 3.2%, where the
uncertainty in signal-mES fixed parameters accounts for a
1.9% contribution and that in signal-"E fixed parameters
for a 1.3% contribution. The same procedure is applied
to the parameters that enter the background PDF,
with uncertainties determined on luminosity-weighted
background-Monte Carlo samples, giving an additional
2.2% uncertainty. Finally, we combine the two uncertain-
ties in quadrature and obtain a 3.9% uncertainty associated
with the shapes of the signal and background models. The
comparison of B ! J=cK0

S data and Monte Carlo samples
reveals that the width of the"EGaussian in the signal PDF
can be underestimated in the Monte Carlo simulation by up
to 5%, which translates to an additional 1.7% uncertainty.

We estimate possible biases associated with the deter-
mination of yields with the sP lot technique, using an
ensemble of Monte Carlo experiments. Signal events, gen-
erated and reconstructed with a complete detector simula-
tion, were mixed with background events, generated
according to the background PDF. The numbers of events
were chosen according to the expected yields in the data
sample under study. We estimate an uncertainty of 0.6%.

The main systematic uncertainty in the polarization
measurement is associated with the limited statistics of
the Monte Carlo sample used to measure the signal-
reconstruction efficiency in the ðcos!H; E"

#!
Þ plane, which

results in " #!PLðE"
#!
Þ uncertainties of 0.05, 0.07, and 0.04

for the three E"
#!
bins. Variation of parameters fixed in the

likelihood fit within their uncertainties provides additional
contributions of 0.004, 0.03, and 0.03 in the three bins,
respectively. We correct the fit result for the small biases
we observe in a sample of Monte Carlo experiments, where
background candidates were generated with the helicity
distribution observed in mES < 5:27 GeV=c2 sideband
data, and conservatively take these shifts as contributions
to the systematic uncertainty.

VI. BRANCHING-FRACTION RESULTS

We select a total of 6360 candidates in the region
j"Ej< 100 MeV, mES > 5:2 GeV=c2, jmð!#Þ $
mð!cÞj> 20 MeV=c2. Table II reports the fitted values
of the two-dimensional mES-"E PDF parameters, while

Fig. 2 shows projections of the two-dimensional PDF on
the mES and "E axes. Figure 3 shows the efficiency-
corrected signal-sP lot distribution of candidates as a func-
tion of mð #!pÞ, demonstrating a near-threshold enhance-
ment similar to that observed in other baryonic B decays.

TABLE II. Branching-fraction results. NS and NB are the
numbers of fitted signal and background events, respectively.
The symbol $ð"EÞ is the mean for the narrow Gaussian of the
"E signal-PDF component, while c1ð"EÞ is the slope of the
linear "E background PDF.$ðmESÞ is the mean for the Gaussian
of the mES signal PDF, and cARGUSðmESÞ is the coefficient of the
exponent in the background mES Argus function [17]. The
uncertainties are statistical.

Parameter Value

NS 183:3þ19:2
$18:5

NB 6176& 80

$ð"EÞ $2:65& 1:84 MeV
c1ð"EÞ $3:5& 0:4 GeV$1

$ðmESÞ 5:2797& 0:0003 GeV=c2

cARGUSðmESÞ $14:6& 1:45
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FIG. 2 (color online). Upper plot: mES distribution of candi-
dates with j"Ej< 27 MeV. Lower plot: "E distribution of
candidates with mES > 5:274 GeV=c2. The projections of the
two-dimensional fit PDF are shown superimposed.
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Summing the content of the efficiency-corrected sP lot
bins, we obtain 916! 92 signal events, where the uncer-
tainty is statistical. Using Eq. (6), we measure the branch-
ing fraction:

BðB0 ! !"p!#Þ ¼ ½3:07! 0:31 ðstatÞ ! 0:23 ðsystÞ'
( 10#6:

This measurement, which is compatible with a previous
measurement by the Belle collaboration [3], confirms the
peaking of the baryon-antibaryon mass spectrum near
threshold, a feature that plays a key role in the explanation
of the larger branching fractions of three-body baryonic B
decays compared to two-body decays [5]. From the
maximum-likelihood fit to the branching-fraction asym-
metry we obtain

A ¼ #0:10! 0:10 ðstatÞ ! 0:02 ðsystÞ;
which is compatible with zero asymmetry.

VII. POLARIZATION RESULTS

Only 3994 candidates populate the E)
!"

range [1.1,

2.4] GeV. Signal candidates are absent in the region with
E)

!"
> 2:4 GeV (Fig. 3) as a kinematical consequence of

the near-threshold peaking of the baryon-antibaryon mass
spectrum.
We plot in Fig. 4 the values of the longitudinal polar-

ization product " !"PLðE)
!"
Þ obtained from the maximum-

likelihood fit. Table III displays the longitudinal, trans-
verse, and normal polarization measurements in each of
the three E)

!"
bins, assuming " !" ¼ #0:642! 0:013 for the
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FIG. 3. Upper plot: sP lot of the mð !"pÞ event distribution with
efficiency corrections applied. Lower plot: sP lot of the E)
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distribution with efficiency corrections applied. Horizontal bars
represent bin ranges.
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TABLE III. Polarization results. NS and NB are the numbers of fitted signal and background
candidates in each E)

!"
bin. We report the values of the longitudinal, transverse, and normal !"

polarizations in each of the three E)
!"
bins.

E)
!"
range (GeV)

1.10–1.53 1.53–1.80 1.80–2.40

NS 63! 9 51! 9 55! 11
NB 519! 23 643! 26 2663! 52

PL #0:08þ0:47
#0:40 ! 0:09 þ0:64þ0:73

#0:65 ! 0:12 þ0:97þ0:62
#0:62 ! 0:08

PT þ0:25þ0:53
#0:58 ! 0:09 þ0:56þ0:42

#0:48 ! 0:12 þ0:05þ0:61
#0:60 ! 0:08

PN #0:64þ0:34
#0:33 ! 0:09 #0:78þ0:39

#0:36 ! 0:12 þ0:26þ0:53
#0:53 ! 0:08
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Summing the content of the efficiency-corrected sP lot
bins, we obtain 916! 92 signal events, where the uncer-
tainty is statistical. Using Eq. (6), we measure the branch-
ing fraction:

BðB0 ! !"p!#Þ ¼ ½3:07! 0:31 ðstatÞ ! 0:23 ðsystÞ'
( 10#6:

This measurement, which is compatible with a previous
measurement by the Belle collaboration [3], confirms the
peaking of the baryon-antibaryon mass spectrum near
threshold, a feature that plays a key role in the explanation
of the larger branching fractions of three-body baryonic B
decays compared to two-body decays [5]. From the
maximum-likelihood fit to the branching-fraction asym-
metry we obtain

A ¼ #0:10! 0:10 ðstatÞ ! 0:02 ðsystÞ;
which is compatible with zero asymmetry.

VII. POLARIZATION RESULTS

Only 3994 candidates populate the E)
!"

range [1.1,

2.4] GeV. Signal candidates are absent in the region with
E)

!"
> 2:4 GeV (Fig. 3) as a kinematical consequence of

the near-threshold peaking of the baryon-antibaryon mass
spectrum.
We plot in Fig. 4 the values of the longitudinal polar-

ization product " !"PLðE)
!"
Þ obtained from the maximum-

likelihood fit. Table III displays the longitudinal, trans-
verse, and normal polarization measurements in each of
the three E)

!"
bins, assuming " !" ¼ #0:642! 0:013 for the
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TABLE III. Polarization results. NS and NB are the numbers of fitted signal and background
candidates in each E)

!"
bin. We report the values of the longitudinal, transverse, and normal !"

polarizations in each of the three E)
!"
bins.

E)
!"
range (GeV)

1.10–1.53 1.53–1.80 1.80–2.40

NS 63! 9 51! 9 55! 11
NB 519! 23 643! 26 2663! 52

PL #0:08þ0:47
#0:40 ! 0:09 þ0:64þ0:73

#0:65 ! 0:12 þ0:97þ0:62
#0:62 ! 0:08

PT þ0:25þ0:53
#0:58 ! 0:09 þ0:56þ0:42

#0:48 ! 0:12 þ0:05þ0:61
#0:60 ! 0:08

PN #0:64þ0:34
#0:33 ! 0:09 #0:78þ0:39

#0:36 ! 0:12 þ0:26þ0:53
#0:53 ! 0:08
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• NBB̄ = 467 M
• near-threshold enhancement is seen as in

all other baryonic B decays
• B(B0 → pΛ̄π−) = (3.07±0.31±0.23)×10−6

Ach = (−0.10 ± 0.10 ± 0.02)× 10−6

• polarization is measured
⇒ consistent with full longitudinal pol.

at large E∗
Λ̄

Youngjoon Kwon B decays from Belle and BaBar Apr. 21, 2010, DIS 2010

Note: Belle, PRD 76, 052004 (2007)
B(B0 → pΛ̄π−) = (3.23+0.33

−0.29 ± 0.29)× 10−6

Ach = −0.02± 0.10± 0.03 Aθ = −0.41± 0.11± 0.03



VI. SUMMARY

Using 657! 106 B !B events, we observe nonresonant
Bþ ! p !"!þ!# and Bþ ! p !""0 decays with significan-
ces of 9.1 and 9.5 standard deviations as shown in Table II.
A hint of a Bþ ! p !"f2ð1270Þ signal is found. This is the
first observation of a four-body charmless baryonic B
decay. We also observe low-mass p !" threshold enhance-
ments in both the p !"!þ!# and p !""0 modes. The branch-
ing fraction of the four-body decay is comparable to the
corresponding three-body decay modes; however, the cen-
tral values may indicate that the hierarchy established in
the charmed case still holds for charmless baryonic decay.
The observed branching fraction for Bþ ! p !""0 is com-
parable to that for B0 ! p !"!#, and is about an order of
magnitude larger than the theoretical prediction [8].
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TABLE II. Summary.

Mode Yield
Efficiency

(%) Bð10#6Þ Significance

p !"!þ!# 167:8þ25:0
#23:7 4.32 5:92þ0:88

#0:84 & 0:69 9.1
p !""0 131:2þ18:3

#17:5 4.17 4:78þ0:67
#0:64 & 0:60 9.5

p !"f2ð1270Þ 39:1þ14:9
#14:0 2.94 2:03þ0:77

#0:72 & 0:27 3.0
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tion

L ¼ e"ðNp !"!þ!"þNp !""þNp !"f2
þNq !qÞ

N!

YN

i¼1

ðNp !"!þ!"Pp !"!þ!"

þ Np !""Pp !"" þ Np !"f2
Pp !"f2

þ Nq !qPq !qÞ;

where N is the number of total events. Here Np !"!þ!" ,

Np !""0 , Np !"f2ð1270Þ, and Nq !q are fit parameters representing

the yields of nonresonant p !"!þ!", p !""0, and
p !"f2ð1270Þ signal and continuum background contribu-
tions, respectively. Each function P is a PDF expressed as
an uncorrelated product of shapes of the Mbc, #E, and
M!þ!" distributions: P ¼ PMbc

& P#E & PM!þ!"
.

For the PDFs related to B decays, we use a Gaussian
function to represent PMbc

and a double Gaussian for P#E

with parameters determined from MC signal simulation.
For the continuum background PDF, we use an ARGUS
function to model the PMbc

distribution while the P#E

distribution is modeled by a normalized second-order pol-
ynomial whose coefficients are fit parameters.

The PDFs for the M!þ!" mass distributions in Bþ !
p !""0 and Bþ ! p !"f2ð1270Þ are smoothed histograms
obtained from MC simulation using a sample with the
p !" shape fixed from data and Breit-Wigner forms for the
"0 or f2 resonances. The subsequent decay angular distri-
bution is assumed to be flat. The PDF PM!þ!"

for Bþ !
p !"!þ!" is also a smoothed histogram from a three-body
phase space MC sample, which again follows a threshold
shape in the p !" mass spectrum for data. The continuum
background PDF for M!þ!" is modeled by the sum
of smoothed histogram functions taken from Breit-
Wigner distributions for "0 and f0 resonances,
and a threshold function: PM!þ!"

¼ r1 & P" þ r1 &
Pf0 þ ð1" r1 " r2Þ & Pthr and Pthr / ð#M!þ!"Þs &
e½c1&ð#M!þ!" Þþc2&ð#M!þ!" Þ2( where #M!þ!" ) M!þ!" "
2m!; r1, r2, s, c1, and c2 are fit parameters.

IV. RESULTS

Figure 2 shows the fit results for Bþ ! p !"!þ!". The
resulting signal yields are 167:8þ25:0

"23:7, 131:2þ18:3
"17:5, and
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FIG. 2 (color online). Distributions of (a) #E (with 5:27 GeV=c2 <Mbc < 5:29 GeV=c2), (b) Mbc (with j#Ej< 0:05 GeV), and
(c)M!þ!" (with 5:27 GeV=c2 <Mbc < 5:29 GeV=c2 and j#Ej< 0:05 GeV). The solid curves represent the fit projections, which are
the sum of signal and background (dashed curves) estimates. The shaded area represents the sum of signal components i.e. Bþ !
p !"!þ!", Bþ ! p !""0, and Bþ ! p !"f2ð1270Þ.
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• NBB̄ = 657 M
• near-threshold enhancement is also seen
• multi-body hierarchy still holds for charmless baryonic B decays
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Summary
• Several new results in charmless hadronic and baryonic B decays,

from Belle & BaBar

• New measurements in B → X(s)η
(�) decays

- unexpected B(B → η�K∗
2(1430)) � B(B → η�K∗(892))

- B(B → Xsη) = (25.5 ± 2.7 ± 1.6+3.8
−14.1)× 10−5

with large signals in MXs > 2 GeV/c2

• B → VV polarization saga continues, with theory calculations improving

- conflicting results (b/w Belle & BaBar)
in B0 → ρ0K∗0 and in B0 → K∗0K̄∗0

• New results in charmless baryonic B decays

- first observation of 4-body charmless baryonic B decays
- both multi-body hierarychy and near-threshold enhancement shows

up in 3-, 4-body charmless baryonic decays, too
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B!VV predictions 
Cheng&Yang, PRD 78, 094001 (2008).

Free parameters in the models taken from experiment

                                

                

from J. Smith @ FPCP 2009
from J. Smith @ FPCP 2009
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