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Overview

• B mesons decay predominately through tree level b→cW*, leaving a 
charm meson in the final states.

• In charmless hadronic B decays, other                                          
types of diagrams are enhanced.                                                    
They provide a rich laboratory to study                                                  
CP-violations, long/short-distance                                                       
QCD effects, hadronic phases, and                                                    
New Physics search.

• About 100 charmless B decay modes                                                      
have been measured with >4σ                                                    
significance, mostly from BABAR and                                                    
Belle. Their BF’s range from                                                             a 
few×10−5 to 10−6.

2



Charmless B Decays in B-Factories La Thuile, 2011/02/27 − 03/05

Large number of channels
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Charmless programs

• CKM angle α  (ππ, ρρ)
• CKM sin2βeff: Hint of discrepancy from 

golden modes B→J/ψK.
• CKM angle γ 
• Direct CP violation: Kπ puzzle?         
ΔAKπ= ACP(K+π0)−ACP(K+π−)≠ 0

• Polarization in B→VV, TV
• Search for enhancement in b→s,d 

penguins
• Baryonic decays
• ...
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B factories

• Together B factories have collected 
5

B

B

e+e−

> 1.2× 109BB pairs.
> Υ(4S) scan: 4 fb−1
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Separate signal from background

• Major background comes from continuum 
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e+e− → qq̄, q = u, d, s, c

Kinematics of fully reconstructed B Event shape to suppress continuum

Build Fisher, NN, or other classifiers 
to separate background

Excellent K/π separation power
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dE/dx also helps

These variables are often 
combined to form a 
grand likelihood 
function to increase 
sensitivity.
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Inclusive B→K±,0, π± beyond charm threshold

• Charmless decays have large contributions                                              
from penguin diagrams.

• New physics entering the loop could                                                 
enhance the branching fraction.
‣ e.g., Randall-Sundrum warped top-condensation model radion field postulation           

(                          ) enhances charmless BF by an order of magnitude.

• Strategy: fully reconstruct one B meson through B→D(*)X and 
measure K or π with momentum beyond b → c kinematic threshold 
in recoiled B. 

• SM prediction of partial BF ~ 10−4.
• A significant inclusive signal has not been observed in previous 

experiments.
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b → sφ → sg∗
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Analysis

• 2×106 BB events reconstructed, from 
383×106 BB pairs.

• High p* (momentum at recoiled frame) K 
and π are selected.

• Veto D+, D0, Ds if they can be reconstructed.

• PDF variables: mES, Fisher, p* spectrum 
including various charm components.
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BB̄

continuum

K+ K0
S π+

First fit p*>1.8, then the signal region p*> 2.34 (2.36)
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Inclusive B→K±,0, π± results

•  

• In agreement with the Standard Model
• Exclude large enhancement from New Physics.
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π+K0
SK+

[PRD-RC 83, 031103 (2011)]

B(B → K+X, p∗ > 2.34GeV) = (1.2± 0.3± 0.4)× 10−4, (< 1.9× 10−4@90%C.L.) 2.9σ

B(B → K0X, p∗ > 2.34GeV) = (1.9± 0.5± 0.5)× 10−4, (< 2.9× 10−4@90%C.L.) 3.8σ

B(B → π+X, p∗ > 2.34GeV) = (3.7± 0.5± 0.6)× 10−4, 6.7σ

N (p∗>2.34)
sig = 32± 7N (p∗>2.34)

sig = 54+11
−10 N (p∗>2.36)

sig = 207+15
−14
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Polarization in B→Vector-Vector
• Naive expectation: fL ~ 1. B→ρρ have fL>90%. However, fL~50% 

for B→ϕK*, and many other b→s penguin VV states.
• B+→ρ0K*+ had not been observed yet. Expect: BF~ (5±1) × 10−6.  
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B+→ρ0K*+,  f0K*+ 

• Reconstruct: 
• Measure: branching fraction, polarization (ρK*), direct CPV.

• Decay rate of B→ρK* ∝ 

‣ after integrating out the angle between decay planes of two vectors.

• Seven variables in PDF:

• 12 background components including continuum, various 
combination of combinatorials, higher resonances, η’, and non-
resonant S-wave contributions.
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B+ → ρK∗+, f0(980)K∗+, with ρ, f0 → π+π−, K∗+ → K+π0,K0
Sπ

+
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Projection plots of B+→ρ0K*+,  f0K*+

12

KSπ+ K+π0

Green: ρK*
magenta : f0K*
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TABLE I: Results for the measured B decays: signal yield Y (corrected for fit bias) and its statistical uncertainty, reconstruction
efficiency (%), daughter branching fraction product ΠBi(%) [8], significance S (with statistical and systematic uncertainties
included), branching fraction B, 90% C.L. upper limit (for modes with S < 6σ), longitudinal polarization fL and CP -violating
asymmetry ACP .

Mode Y ε(%) ΠBi(%) S(σ) B (×10−6) UL (×10−6) fL ACP

B+ → ρ0K∗+ 5.3 4.6± 1.0± 0.4 6.0 0.78± 0.12 ± 0.03 0.31 ± 0.13 ± 0.03
K∗+ → K0

S π+ 85± 24 17.1 23.1 4.1 4.6± 1.2± 0.5 6.4 0.74± 0.13 ± 0.03 0.25 ± 0.14 ± 0.03
K∗+ → K+ π0 67± 31 9.9 33.3 3.3 4.4± 2.0± 0.5 7.1 0.94± 0.27 ± 0.03 0.59 ± 0.31 ± 0.03

B+ → f0(980)K
∗+ 9.0 4.2± 0.6± 0.3 - - −0.15 ± 0.12 ± 0.03

K∗+ → K0
S π+ 69± 14 17.9 23.1 6.0 3.6± 0.7± 0.3 - - −0.34 ± 0.16 ± 0.03

K∗+ → K+ π0 91± 20 11.3 33.3 6.8 5.2± 1.0± 0.3 - - 0.14 ± 0.12 ± 0.03

and using half the maximum change in the yield as an
uncertainty. We test for the presence of a scalar f0(600)
(or σ) by adding it to our model, using the mass and
width reported in Ref. [19]. The contribution of the BB
backgrounds to the error is calculated by performing an
ensemble of fits to the data where backgrounds are either
removed from the fit (for those categories with a fitted
number of events consistent with zero), allowed to float
(for the fixed backgrounds) or fixed to the expected num-
ber of events calculated from MC. The error is calculated
as half the difference between the default fit and the max-
imum deviation seen in the ensemble of fits. Finally, the
uncertainty on the longitudinal polarization affects the
calculated yield efficiency. All these errors are additive
in nature and affect the significance of the branching frac-
tion results. We assume the sources of the uncertainties
that contribute to the additive errors are uncorrelated
when combined to form the overall branching fractions.
The PDF parameter uncertainty contributes up to 0.4
signal events to the systematic error and the fit bias be-
tween 2.4 and 0.8 events, depending on the signal mode.
We see no evidence for the f0(600) state. The f0(980)
lineshape and interference account for up to 0.8 and 2.0
events, respectively. The overall systematic error is dom-
inated by the uncertainty in the BB backgrounds and,
for ρ0K∗+, the systematic error on fL. The total addi-
tive systematic error on the B+ → ρ0K∗+ signal yield is
9.4 and 6.7 events for K∗+ → K0

S
π+ and K∗+ → K+

π0, respectively, and for B+ → f0(980)K∗+ it is 4.4 and
1.3 events, respectively.

Multiplicative uncertainties include reconstruction effi-
ciency uncertainties from tracking (0.8% per track added
linearly), charged particle identification (1.1% per track
added linearly), π0 identification (3.0%), K0

S
identifica-

tion (1.0%), track multiplicity (1.0%), the number of
BB pairs (1.1%), and MC signal statistics (0.2%). The
total multiplicative branching fraction systematic error
is 4.5% and 5.3% for decays with K∗+ → K0

S
π+ and

K∗+ → K+π0, respectively. The multiplicative uncer-
tainties for both sub-modes are correlated. The majority

of the systematic uncertainties on fL and ACP cancel
and the error is dominated by the uncertainty on the
PDF parameters (0.02). The uncertainty due to the de-
pendence of the reconstruction efficiency on the charge
of the kaon is estimated from MC to be 0.005. The total
systematic is calculated to be ±0.03 for all modes.

In summary, we observe B+ → ρ0K∗+ with a sig-
nificance of 5.3σ. We measure the branching fraction
B(B+ → ρ0K∗+) = (4.6± 1.0± 0.4) × 10−6, the lon-
gitudinal polarization fL = 0.78± 0.12± 0.03, and the
CP -violating asymmetry ACP= 0.31± 0.13± 0.03. We
observe B+ → f0(980)K∗+ and measure the branching
fraction B(B+ → f0(980)K∗+)× B(f0(980) → π+π−) =
(4.2± 0.6± 0.3) × 10−6 and the CP -violating asymme-
try ACP= −0.15± 0.12± 0.03. The B+ → ρ0K∗+

branching fraction is compatible with theoretical predic-
tions [2, 3].

We are grateful for the excellent luminosity and ma-
chine conditions provided by our PEP-II colleagues, and
for the substantial dedicated effort from the comput-
ing organizations that support BABAR. The collaborat-
ing institutions wish to thank SLAC for its support and
kind hospitality. This work is supported by DOE and
NSF (USA), NSERC (Canada), CEA and CNRS-IN2P3
(France), BMBF and DFG (Germany), INFN (Italy),
FOM (The Netherlands), NFR (Norway), MES (Russia),
MICIIN (Spain), STFC (United Kingdom). Individuals
have received support from the Marie Curie EIF (Euro-
pean Union), the A. P. Sloan Foundation (USA) and the
Binational Science Foundation (USA-Israel).

∗ Now at Temple University, Philadelphia, Pennsylvania
19122, USA

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

‡ Also with Università di Roma La Sapienza, I-00185
Roma, Italy

§ Now at University of South Alabama, Mobile, Alabama
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B+→ρ0K*+,  f0K*+  results
• Observation of B+→ρ0K*+ decay: BF(B+→ρ0K*+) = (4.6±1.0±0.4)×10−6

• Improved BF(B+→f0K*+)×BF(f0→π+π−) = (4.2 ± 0.6 ± 0.3) × 10−6

• fL(B+→ρ0K*+) = 0.78 ± 0.12 ± 0.03
‣ consistent with large fL; the other two K*ρ modes are further away.
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TABLE I: Results for the measured B decays: signal yield Y (corrected for fit bias) and its statistical uncertainty, reconstruction
efficiency (%), daughter branching fraction product ΠBi(%) [8], significance S (with statistical and systematic uncertainties
included), branching fraction B, 90% C.L. upper limit (for modes with S < 6σ), longitudinal polarization fL and CP -violating
asymmetry ACP .

Mode Y ε(%) ΠBi(%) S(σ) B (×10−6) UL (×10−6) fL ACP

B+ → ρ0K∗+ 5.3 4.6± 1.0± 0.4 6.0 0.78± 0.12 ± 0.03 0.31 ± 0.13 ± 0.03
K∗+ → K0

S π+ 85± 24 17.1 23.1 4.1 4.6± 1.2± 0.5 6.4 0.74± 0.13 ± 0.03 0.25 ± 0.14 ± 0.03
K∗+ → K+ π0 67± 31 9.9 33.3 3.3 4.4± 2.0± 0.5 7.1 0.94± 0.27 ± 0.03 0.59 ± 0.31 ± 0.03

B+ → f0(980)K
∗+ 9.0 4.2± 0.6± 0.3 - - −0.15 ± 0.12 ± 0.03

K∗+ → K0
S π+ 69± 14 17.9 23.1 6.0 3.6± 0.7± 0.3 - - −0.34 ± 0.16 ± 0.03

K∗+ → K+ π0 91± 20 11.3 33.3 6.8 5.2± 1.0± 0.3 - - 0.14 ± 0.12 ± 0.03

and using half the maximum change in the yield as an
uncertainty. We test for the presence of a scalar f0(600)
(or σ) by adding it to our model, using the mass and
width reported in Ref. [19]. The contribution of the BB
backgrounds to the error is calculated by performing an
ensemble of fits to the data where backgrounds are either
removed from the fit (for those categories with a fitted
number of events consistent with zero), allowed to float
(for the fixed backgrounds) or fixed to the expected num-
ber of events calculated from MC. The error is calculated
as half the difference between the default fit and the max-
imum deviation seen in the ensemble of fits. Finally, the
uncertainty on the longitudinal polarization affects the
calculated yield efficiency. All these errors are additive
in nature and affect the significance of the branching frac-
tion results. We assume the sources of the uncertainties
that contribute to the additive errors are uncorrelated
when combined to form the overall branching fractions.
The PDF parameter uncertainty contributes up to 0.4
signal events to the systematic error and the fit bias be-
tween 2.4 and 0.8 events, depending on the signal mode.
We see no evidence for the f0(600) state. The f0(980)
lineshape and interference account for up to 0.8 and 2.0
events, respectively. The overall systematic error is dom-
inated by the uncertainty in the BB backgrounds and,
for ρ0K∗+, the systematic error on fL. The total addi-
tive systematic error on the B+ → ρ0K∗+ signal yield is
9.4 and 6.7 events for K∗+ → K0

S
π+ and K∗+ → K+

π0, respectively, and for B+ → f0(980)K∗+ it is 4.4 and
1.3 events, respectively.

Multiplicative uncertainties include reconstruction effi-
ciency uncertainties from tracking (0.8% per track added
linearly), charged particle identification (1.1% per track
added linearly), π0 identification (3.0%), K0

S
identifica-

tion (1.0%), track multiplicity (1.0%), the number of
BB pairs (1.1%), and MC signal statistics (0.2%). The
total multiplicative branching fraction systematic error
is 4.5% and 5.3% for decays with K∗+ → K0

S
π+ and

K∗+ → K+π0, respectively. The multiplicative uncer-
tainties for both sub-modes are correlated. The majority

of the systematic uncertainties on fL and ACP cancel
and the error is dominated by the uncertainty on the
PDF parameters (0.02). The uncertainty due to the de-
pendence of the reconstruction efficiency on the charge
of the kaon is estimated from MC to be 0.005. The total
systematic is calculated to be ±0.03 for all modes.

In summary, we observe B+ → ρ0K∗+ with a sig-
nificance of 5.3σ. We measure the branching fraction
B(B+ → ρ0K∗+) = (4.6± 1.0± 0.4) × 10−6, the lon-
gitudinal polarization fL = 0.78± 0.12± 0.03, and the
CP -violating asymmetry ACP= 0.31± 0.13± 0.03. We
observe B+ → f0(980)K∗+ and measure the branching
fraction B(B+ → f0(980)K∗+)× B(f0(980) → π+π−) =
(4.2± 0.6± 0.3) × 10−6 and the CP -violating asymme-
try ACP= −0.15± 0.12± 0.03. The B+ → ρ0K∗+

branching fraction is compatible with theoretical predic-
tions [2, 3].
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and using half the maximum change in the yield as an
uncertainty. We test for the presence of a scalar f0(600)
(or σ) by adding it to our model, using the mass and
width reported in Ref. [19]. The contribution of the BB
backgrounds to the error is calculated by performing an
ensemble of fits to the data where backgrounds are either
removed from the fit (for those categories with a fitted
number of events consistent with zero), allowed to float
(for the fixed backgrounds) or fixed to the expected num-
ber of events calculated from MC. The error is calculated
as half the difference between the default fit and the max-
imum deviation seen in the ensemble of fits. Finally, the
uncertainty on the longitudinal polarization affects the
calculated yield efficiency. All these errors are additive
in nature and affect the significance of the branching frac-
tion results. We assume the sources of the uncertainties
that contribute to the additive errors are uncorrelated
when combined to form the overall branching fractions.
The PDF parameter uncertainty contributes up to 0.4
signal events to the systematic error and the fit bias be-
tween 2.4 and 0.8 events, depending on the signal mode.
We see no evidence for the f0(600) state. The f0(980)
lineshape and interference account for up to 0.8 and 2.0
events, respectively. The overall systematic error is dom-
inated by the uncertainty in the BB backgrounds and,
for ρ0K∗+, the systematic error on fL. The total addi-
tive systematic error on the B+ → ρ0K∗+ signal yield is
9.4 and 6.7 events for K∗+ → K0
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π0, respectively, and for B+ → f0(980)K∗+ it is 4.4 and
1.3 events, respectively.
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tion (1.0%), track multiplicity (1.0%), the number of
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is 4.5% and 5.3% for decays with K∗+ → K0

S
π+ and

K∗+ → K+π0, respectively. The multiplicative uncer-
tainties for both sub-modes are correlated. The majority

of the systematic uncertainties on fL and ACP cancel
and the error is dominated by the uncertainty on the
PDF parameters (0.02). The uncertainty due to the de-
pendence of the reconstruction efficiency on the charge
of the kaon is estimated from MC to be 0.005. The total
systematic is calculated to be ±0.03 for all modes.

In summary, we observe B+ → ρ0K∗+ with a sig-
nificance of 5.3σ. We measure the branching fraction
B(B+ → ρ0K∗+) = (4.6± 1.0± 0.4) × 10−6, the lon-
gitudinal polarization fL = 0.78± 0.12± 0.03, and the
CP -violating asymmetry ACP= 0.31± 0.13± 0.03. We
observe B+ → f0(980)K∗+ and measure the branching
fraction B(B+ → f0(980)K∗+)× B(f0(980) → π+π−) =
(4.2± 0.6± 0.3) × 10−6 and the CP -violating asymme-
try ACP= −0.15± 0.12± 0.03. The B+ → ρ0K∗+

branching fraction is compatible with theoretical predic-
tions [2, 3].
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‡ Also with Università di Roma La Sapienza, I-00185
Roma, Italy

§ Now at University of South Alabama, Mobile, Alabama

7

TABLE I: Results for the measured B decays: signal yield Y (corrected for fit bias) and its statistical uncertainty, reconstruction
efficiency (%), daughter branching fraction product ΠBi(%) [8], significance S (with statistical and systematic uncertainties
included), branching fraction B, 90% C.L. upper limit (for modes with S < 6σ), longitudinal polarization fL and CP -violating
asymmetry ACP .

Mode Y ε(%) ΠBi(%) S(σ) B (×10−6) UL (×10−6) fL ACP

B+ → ρ0K∗+ 5.3 4.6± 1.0± 0.4 6.0 0.78± 0.12 ± 0.03 0.31 ± 0.13 ± 0.03
K∗+ → K0

S π+ 85± 24 17.1 23.1 4.1 4.6± 1.2± 0.5 6.4 0.74± 0.13 ± 0.03 0.25 ± 0.14 ± 0.03
K∗+ → K+ π0 67± 31 9.9 33.3 3.3 4.4± 2.0± 0.5 7.1 0.94± 0.27 ± 0.03 0.59 ± 0.31 ± 0.03

B+ → f0(980)K
∗+ 9.0 4.2± 0.6± 0.3 - - −0.15 ± 0.12 ± 0.03

K∗+ → K0
S π+ 69± 14 17.9 23.1 6.0 3.6± 0.7± 0.3 - - −0.34 ± 0.16 ± 0.03

K∗+ → K+ π0 91± 20 11.3 33.3 6.8 5.2± 1.0± 0.3 - - 0.14 ± 0.12 ± 0.03

and using half the maximum change in the yield as an
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width reported in Ref. [19]. The contribution of the BB
backgrounds to the error is calculated by performing an
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removed from the fit (for those categories with a fitted
number of events consistent with zero), allowed to float
(for the fixed backgrounds) or fixed to the expected num-
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calculated yield efficiency. All these errors are additive
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tion results. We assume the sources of the uncertainties
that contribute to the additive errors are uncorrelated
when combined to form the overall branching fractions.
The PDF parameter uncertainty contributes up to 0.4
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tween 2.4 and 0.8 events, depending on the signal mode.
We see no evidence for the f0(600) state. The f0(980)
lineshape and interference account for up to 0.8 and 2.0
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π+ and

K∗+ → K+π0, respectively. The multiplicative uncer-
tainties for both sub-modes are correlated. The majority
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and the error is dominated by the uncertainty on the
PDF parameters (0.02). The uncertainty due to the de-
pendence of the reconstruction efficiency on the charge
of the kaon is estimated from MC to be 0.005. The total
systematic is calculated to be ±0.03 for all modes.

In summary, we observe B+ → ρ0K∗+ with a sig-
nificance of 5.3σ. We measure the branching fraction
B(B+ → ρ0K∗+) = (4.6± 1.0± 0.4) × 10−6, the lon-
gitudinal polarization fL = 0.78± 0.12± 0.03, and the
CP -violating asymmetry ACP= 0.31± 0.13± 0.03. We
observe B+ → f0(980)K∗+ and measure the branching
fraction B(B+ → f0(980)K∗+)× B(f0(980) → π+π−) =
(4.2± 0.6± 0.3) × 10−6 and the CP -violating asymme-
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K∗0ρ0 : penguin + color-suppressed b̄ → ūus̄ tree
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B0 → K∗0K∗0 motivation

• B → K∗0K∗0 is a pure b → d penguin, and should have the same fL as
b → s under U-spin symmetry.

• Possible explanations in the SM for small fL: large fT contributions from
penguin annihilation or rescattering.

• If a large fT is observed, a time-dependent CP asymmetry analysis to mea-
sure phase difference between AT (b → d) and AT (b̄ → d̄) could distinguish
the two possible contributions which have different weak phases.

mesons are heavy, the transverse polarization can be large.
The state D!"

s
!D!0 can now rescatter to !K!". If the

transverse polarization T is not reduced in the scattering
process, this will lead to B" ! !K!" with large fT=fL. (A
similar rescattering effect can take place for B0

d ! !K!0.)
In principle, rescattering can also take place if u !u quark

pairs are involved. However, this does not contribute sig-
nificantly to T. One way to see this is to realize that most
intermediate states are light, so that the transverse polar-
ization is small. Thus, one cannot obtain a large fT=fL in
this case.

Finally, we examine electroweak-penguin (EWP) con-
tributions to B ! !K!. The standard EWP diagrams con-
tribute mainly to fL. However, in Ref. [14], it was pointed
out that electromagnetic effects involving a photon that
subsequently converts to a vector meson can generate an
unsuppressed transverse amplitude. (Enhanced chromo-
magnetic dipole operators are discussed in Ref. [15],
with similar results to Ref. [14].) With this new EWP
mechanism, the observed value of fT=fL in B ! !K!

may be explained, but it requires that this dipole EWP
contribution which enhances one of the transverse ampli-
tudes by "emmb="QCD be sufficiently strong [14]. Note
that this electromagnetic contribution, and hence a large
value of fT=fL, should be observed in any decay where the
photon can convert into a neutral vector meson. However, a
large fT=fL is observed in B" ! #"K!0 decays (see
Table I), but no EWP can contribute here. Thus, the new
enhanced EWP’s cannot be the sole explanation of a large
fT=fL. On the other hand, in this paper we assume that
there is a single explanation for the large fT=fL’s, and so
enhanced EWP contributions of the nature discussed above
are ruled out.

There are therefore only two proposed SM explanations
of the observed fT=fL in B ! !K! decays: penguin anni-
hilation and rescattering. At this point, it is useful to make a
general comment about the two explanations. Penguin
annihilation holds within a specific calculation framework
(QCDf). However, rescattering is just a scenario—there is
not even a concrete model. One can come up with a
particular model to implement rescattering [12], but if it
fails, it does not rule out the idea—one can simply invent
other models.

The naive expectation of small fT=fL can be extended to
the hierarchy jA0j2 # jA"j2 # jA$j2. While both penguin

annihilation and rescattering ideas were proposed to ex-
plain the violation of jA0j2 # jA%j2, the inequality
jA"j2 # jA$j2 may also be used to test the models. As
we noted earlier, the experimental observation of Table I is
indeed consistent with jA"j2 # jA$j2. Simple models of
rescattering [12] violate this inequality, which is not sup-
ported by experimental data. While this does not rule out
the rescattering idea, this makes it a less likely explanation.
On the other hand, the penguin annihilation idea is con-
sistent with jA"j2 # jA$j2.

Although the physical origin of penguin annihilation and
rescattering is different, the two explanations have simi-
larities of calculation. In order to see this, consider the
penguin contribution P q for the decay !b ! !qq0 !q0 (q &
d; s, q0 & u; d; s):

 P q & V!
ubVuqPu " V!

cbVcqPc " V!
tbVtqPt

& V!
cbVcq'Pc $ Pu( " V!

tbVtq'Pt $ Pu(; (5)

where the unitarity of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix has been used in the second line. In the
rescattering solution the dominant contribution to the
transverse amplitudes come from Pc, while the contribu-
tions from Pu;t are small. In the penguin annihilation
solution the dominant contributions to the transverse am-
plitudes come from Pt through the penguin annihilation
diagram, and the contributions from Pu;c are small. Thus,
in either case, the effect of the dominant contribution to the
transverse amplitudes is simply the addition of one ampli-
tude. Below we follow this prescription: we take into
account the additional SM effects by adding a single
amplitude to represent the dominant contribution to the
transverse amplitudes.

III. B ! !! DECAYS

Both penguin annihilation and rescattering explain the
fT=fL ratio in the !b ! !s decay B ! !K! by modifying
the penguin amplitude. A similar modification must appear
in some !b ! !d decays. In this section we examine the
predictions of these explanations for fT=fL in B ! ##
decays. Experimental measurements in B ! ## along
with related B ! #!, !!, and K! !K! decays are shown
in Table II. However, due to additional uncertainties, we do
not consider modes with ! further in this paper. We will
discuss K! !K! decays in the next section.

Within the diagrammatic approach [26], the three B !
## amplitudes are given mainly by three diagrams: the
color-favored and color-suppressed tree amplitudes Tr and
C, and the gluonic penguin amplitude P,

 $
!!!
2

p
A'B" ! #"#0( & Tr" C;

$ A'B0
d ! #"#$( & Tr" P;

$
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2

p
A'B0
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(6)

Since a modification of P is involved, one sees immedi-
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FIG. 2 (color online). The rescattering diagrams.
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similar rescattering effect can take place for B0
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pairs are involved. However, this does not contribute sig-
nificantly to T. One way to see this is to realize that most
intermediate states are light, so that the transverse polar-
ization is small. Thus, one cannot obtain a large fT=fL in
this case.

Finally, we examine electroweak-penguin (EWP) con-
tributions to B ! !K!. The standard EWP diagrams con-
tribute mainly to fL. However, in Ref. [14], it was pointed
out that electromagnetic effects involving a photon that
subsequently converts to a vector meson can generate an
unsuppressed transverse amplitude. (Enhanced chromo-
magnetic dipole operators are discussed in Ref. [15],
with similar results to Ref. [14].) With this new EWP
mechanism, the observed value of fT=fL in B ! !K!

may be explained, but it requires that this dipole EWP
contribution which enhances one of the transverse ampli-
tudes by "emmb="QCD be sufficiently strong [14]. Note
that this electromagnetic contribution, and hence a large
value of fT=fL, should be observed in any decay where the
photon can convert into a neutral vector meson. However, a
large fT=fL is observed in B" ! #"K!0 decays (see
Table I), but no EWP can contribute here. Thus, the new
enhanced EWP’s cannot be the sole explanation of a large
fT=fL. On the other hand, in this paper we assume that
there is a single explanation for the large fT=fL’s, and so
enhanced EWP contributions of the nature discussed above
are ruled out.

There are therefore only two proposed SM explanations
of the observed fT=fL in B ! !K! decays: penguin anni-
hilation and rescattering. At this point, it is useful to make a
general comment about the two explanations. Penguin
annihilation holds within a specific calculation framework
(QCDf). However, rescattering is just a scenario—there is
not even a concrete model. One can come up with a
particular model to implement rescattering [12], but if it
fails, it does not rule out the idea—one can simply invent
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The naive expectation of small fT=fL can be extended to
the hierarchy jA0j2 # jA"j2 # jA$j2. While both penguin

annihilation and rescattering ideas were proposed to ex-
plain the violation of jA0j2 # jA%j2, the inequality
jA"j2 # jA$j2 may also be used to test the models. As
we noted earlier, the experimental observation of Table I is
indeed consistent with jA"j2 # jA$j2. Simple models of
rescattering [12] violate this inequality, which is not sup-
ported by experimental data. While this does not rule out
the rescattering idea, this makes it a less likely explanation.
On the other hand, the penguin annihilation idea is con-
sistent with jA"j2 # jA$j2.

Although the physical origin of penguin annihilation and
rescattering is different, the two explanations have simi-
larities of calculation. In order to see this, consider the
penguin contribution P q for the decay !b ! !qq0 !q0 (q &
d; s, q0 & u; d; s):
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ubVuqPu " V!

cbVcqPc " V!
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where the unitarity of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix has been used in the second line. In the
rescattering solution the dominant contribution to the
transverse amplitudes come from Pc, while the contribu-
tions from Pu;t are small. In the penguin annihilation
solution the dominant contributions to the transverse am-
plitudes come from Pt through the penguin annihilation
diagram, and the contributions from Pu;c are small. Thus,
in either case, the effect of the dominant contribution to the
transverse amplitudes is simply the addition of one ampli-
tude. Below we follow this prescription: we take into
account the additional SM effects by adding a single
amplitude to represent the dominant contribution to the
transverse amplitudes.

III. B ! !! DECAYS

Both penguin annihilation and rescattering explain the
fT=fL ratio in the !b ! !s decay B ! !K! by modifying
the penguin amplitude. A similar modification must appear
in some !b ! !d decays. In this section we examine the
predictions of these explanations for fT=fL in B ! ##
decays. Experimental measurements in B ! ## along
with related B ! #!, !!, and K! !K! decays are shown
in Table II. However, due to additional uncertainties, we do
not consider modes with ! further in this paper. We will
discuss K! !K! decays in the next section.

Within the diagrammatic approach [26], the three B !
## amplitudes are given mainly by three diagrams: the
color-favored and color-suppressed tree amplitudes Tr and
C, and the gluonic penguin amplitude P,
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where p̂ is the unit vector along the direction of motion of
V2 in the rest frame of V1, "!Li " ~"!i # p̂, and ~"!Ti " ~"!i $
"!Li p̂. In this paper we will often use the basis A% for the
transverse polarizations, where A% " &Ak % A?'=

!!!
2

p
.

Note that, due to the factor of ‘i’ in the amplitude above,
A( and A$ change roles in the CP-conjugate decay !B !
!V1

!V2: A( ! !A$ and A$ ! !A(.
The fraction of various types of decay is given by

 fL " jA0j2
jA0j2 ( jA(j2 ( jA$j2

;

fT " jA(j2 ( jA$j2
jA0j2 ( jA(j2 ( jA$j2

;

(2)

where fT " &1$ fL',

 f? " jA?j2
jA0j2 ( jA(j2 ( jA$j2

;

fk "
jAkj2

jA0j2 ( jA(j2 ( jA$j2
;

(3)

where fk " &1$ fL $ f?', and the relative phases are

 !? " arg&A?=A0'; !k " arg&Ak=A0': (4)

We note that when !? " !k and f? " fk, we have A$ "
0, which is close to experimental observation for B ! !K!

in Table I.
In the introduction we noted that there are three SM

explanations of the observed fT=fL in B ! !K! decays.
We discuss them in more detail here.

We begin with penguin annihilation [11], as shown in
Fig. 1. B ! !K! receives penguin contributions,
!bOs !qOq, where q " u; d (O are Lorentz structures, and
color indices are suppressed). Applying a Fierz transfor-
mation, these operators can be written as !bO0q !qO0s. A
gluon can now be emitted from one of the quarks in the
operators which can then produce a pair of s, !s quarks.

These then combine with the !s, q quarks to form the final
states !K!(&q " u' or !K!0&q " d'.

Normally all annihilation contributions are expected to
be small as they are higher order in the 1=mb expansion,
and thus ignored. However, within QCD factorization
(QCDf) [19], it is plausible that the coefficients of these
terms are large [11]. In QCDf penguin annihilation is not
calculable because of divergences which are parametrized
in terms of unknown quantities. One may choose these
parameters to fit the polarization data in B ! !K! decays.
(Within perturbative QCD [20], the penguin annihilation is
calculable and can be large, though it is not large enough to
explain the polarization data in B ! !K! [21].) Note that
the penguin annihilation term arises only from penguin
operators with an internal t quark.

We now turn to rescattering [12,13], shown in Fig. 2. It
has been suggested that rescattering effects involving
charm intermediate states, generated by the operator
!bO0c !cO0s, can produce large transverse polarization in
B ! !K!. A particular realization of this scenario is the
following [12]. Consider the decay B( ! D!(

s
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TABLE I. Measurements of the branching fraction B, longitudinal polarization fraction fL,
fraction of parity-odd transverse amplitude f?, and phases of the two transverse amplitudes !k
and !? (rad) with respect to the longitudinal amplitude, for B ! !K!, "K!, and !K!, expected
to proceed through a !b ! !s transition [2,3]. Numbers in parentheses indicate observables
measured with less than 4# significance. We quote the solution of !k and !? according to
the phase ambiguity resolved by BABAR [4,5]. For a complete list of up to 12 parameters
measured, including CP-violating observables, see references quoted.

Mode B&10$6' fL f? !k $ $ !? $ $

!K!0 [4,6,7] 9:5% 0:9 0:49% 0:04 0:27(0:04
$0:03 $0:73(0:18

$0:16 $0:62% 0:17
!K!( [1,5,6] 10:0% 1:1 0:50% 0:05 0:20% 0:05 $0:80% 0:17 $0:56% 0:17
"(K!0 [8,9] 9:2% 1:5 0:48% 0:08 — — —
"0K!0 [9] 5:6% 1:6 0:57% 0:12 — — —
"$K!( [9] <12:0 — — — —
"0K!( [9] (3:6(1:9

$1:8) &0:9% 0:2' — — —
!K!0 [10] (2:4% 1:3) &0:71(0:27

$0:24' — — —
!K!( [10] <3:4 — — — —
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We discuss them in more detail here.
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!bOs !qOq, where q " u; d (O are Lorentz structures, and
color indices are suppressed). Applying a Fierz transfor-
mation, these operators can be written as !bO0q !qO0s. A
gluon can now be emitted from one of the quarks in the
operators which can then produce a pair of s, !s quarks.

These then combine with the !s, q quarks to form the final
states !K!(&q " u' or !K!0&q " d'.

Normally all annihilation contributions are expected to
be small as they are higher order in the 1=mb expansion,
and thus ignored. However, within QCD factorization
(QCDf) [19], it is plausible that the coefficients of these
terms are large [11]. In QCDf penguin annihilation is not
calculable because of divergences which are parametrized
in terms of unknown quantities. One may choose these
parameters to fit the polarization data in B ! !K! decays.
(Within perturbative QCD [20], the penguin annihilation is
calculable and can be large, though it is not large enough to
explain the polarization data in B ! !K! [21].) Note that
the penguin annihilation term arises only from penguin
operators with an internal t quark.

We now turn to rescattering [12,13], shown in Fig. 2. It
has been suggested that rescattering effects involving
charm intermediate states, generated by the operator
!bO0c !cO0s, can produce large transverse polarization in
B ! !K!. A particular realization of this scenario is the
following [12]. Consider the decay B( ! D!(

s
!D!0 gener-

ated by the operator !bO0c !cO0s. Since the final-state vector

b

q

s

B

φ

K*

_

_ _

_

s

q

b

q

s

s
B

φ

K*

_

_ _

_

s

q

b

q

s

s
B

φ

K*

_

_ _

_

q

b

q

s

B

φ

K*

_

_

_

s

q

s

s
_
s

FIG. 1 (color online). The penguin annihilation diagrams.

TABLE I. Measurements of the branching fraction B, longitudinal polarization fraction fL,
fraction of parity-odd transverse amplitude f?, and phases of the two transverse amplitudes !k
and !? (rad) with respect to the longitudinal amplitude, for B ! !K!, "K!, and !K!, expected
to proceed through a !b ! !s transition [2,3]. Numbers in parentheses indicate observables
measured with less than 4# significance. We quote the solution of !k and !? according to
the phase ambiguity resolved by BABAR [4,5]. For a complete list of up to 12 parameters
measured, including CP-violating observables, see references quoted.
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B0 → K∗0K̄∗0, K∗0K∗0 results

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
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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.
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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.
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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.

PRL 100, 081801 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
29 FEBRUARY 2008

081801-6

B(K∗0K∗0) fL(K∗0K∗0) B(K∗0K∗0) NBB [106] Ref.
BABAR 1.28+0.35

−0.30 ± 0.11 0.80+0.10
−0.12 ± 0.06 < 0.41 383 PRL100, 081801 (2008)

Belle 0.26+0.33+0.10
−0.29−0.08 (< 0.8) — < 0.2 657 PRD81, 071101(R) (2010)

BF unit: 10−6; Upper limit at 90% C.L.

∼ 2σ discrepancy in B(K∗0K∗0) between the two measurements.

larization fraction fL ¼ 1; as the efficiency for fL < 1 is
higher than that for fL ¼ 1, our limits are conservative.

To check our reconstruction efficiencies, we measure the
yields of control samples B0 ! D"!þ ! ðKþK"!"Þ!þ

and B0 ! !D0K&0 ! ðKþ!"ÞðKþ!"Þ. These modes have
a similar topology to the signal modes and are selected
using the same selection criteria except that, instead of D
vetos, we require jMðKK!Þ "mD' j< 13 MeV=c2,
jMðK!Þ "mD0 j< 13 MeV=c2, and 826 MeV=c2 <
MðK!Þ< 966 MeV=c2. The efficiencies are 19% for
B0 ! D"!þ and 11% for B0 ! !D0K&0. The difference
in signal yields between the measured and expected values
are ð5:8' 5:8Þ% and ð5:6' 27:8Þ% for B0 ! D"!þ and
B0 ! !D0K&0, respectively. These differences are consis-
tent with zero.

The systematic errors (in units of events) are summa-
rized in Tables II and III. For systematic uncertainties due
to fixed yields, e.g., that of charmless B background, we
vary the yields by their uncertainties (' 1"). For the
systematic uncertainties due to B0 ! K&

2ð1430ÞX decays,
including B0 ! K&

2ð1430Þ !K&
2ð1430Þ, B0 !

K&
2ð1430Þ !K&

0ð1430Þ, B0 ! K&
2ð1430Þ !K&0, and B0 !

K&
2ð1430ÞK!, we float their yields in the four-dimensional

ML fit; the differences between these results and the nomi-
nal fit values are taken as systematic errors. Systematic

uncertainties for the "E-Mbc PDFs are estimated by vary-
ing the signal peak positions and resolutions by '1" and
repeating the fits. Systematic uncertainties for the M1-M2

PDFs are estimated in a similar way; we vary the mean and
width of K&0 and K&

0ð1430Þ mass shapes according to the
uncertainties in the world average values [22]. A system-
atic error for the longitudinal polarization fraction is ob-
tained by changing the fraction from the nominal value
fL ¼ 1 to the lowest possible value fL ¼ 0 when evaluat-
ing the reconstruction efficiency. According to MC simu-
lation, the signal SCF fractions are 13.4% for
(longitudinally polarized) B0 ! K&0 !K&0, 7.9% for B0 !
K&0K!, 6.7% for B0 ! K&

0ð1430Þ !K&
0ð1430Þ, 6.7% for

B0 ! K&
0ð1430Þ !K&0, 7.6% for B0 ! K&

0ð1430ÞK!, and
9.2% for nonresonantB0 ! KK!!. We estimate a system-
atic uncertainty due to these fractions by varying them by
'50%.
A high-statistics MC study indicates that there are small

fit biases; these are listed in Table I. We find that fit biases
occur due to the correlations between the two sets of
variables ð"E;MbcÞ and ðM1;M2Þ, which are not taken
into account in our fit. We correct the fitted yields for these
biases. To take into account possible differences between
MC simulation and data, we take both the magnitude of the
bias corrections and the uncertainty in the corrections as
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FIG. 2 (color online). Same as for Fig. 1 but for the B0 ! K&0K&0 ! ðKþ!"ÞðKþ!"Þ study: (a) "E, (b) Mbc, (c) M1ðKþ!"Þ, and
(d) M2ðKþ!"Þ.
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FIG. 1 (color online). Projections of the four-dimensional fit onto (a) "E, (b) Mbc, (c) MðKþ!"Þ, and (d) MðK"!þÞ for candidates
satisfying (except for the variable plotted) "E 2 ½"0:045; 0:045) GeV, Mbc 2 ½5:27; 5:29) GeV=c2, and M1;2ðK!Þ 2
½0:826; 0:966) GeV=c2. The thick solid curve shows the overall fit result; the solid shaded region represents the B0 ! K&0 !K&0 signal
component; and the dotted, dot-dashed and dashed curves represent continuum background, b ! c background, and charmless B
decay background, respectively.

SEARCH FOR B0 ! K&0 !K&0, . . . PHYSICAL REVIEW D 81, 071101(R) (2010)

RAPID COMMUNICATIONS

071101-5

• Fit PDF:mES,∆E,mK∗
1
,mK∗

2
, (and Fisher,K∗ helicity angles: (BABAR)).

• Belle fits K∗K∗ and higher/non-resonances at once; BABARfits K∗K∗ and
subtract other contributions extrapolating from fit to higher resonance.



Charmless B Decays in B-Factories La Thuile, 2011/02/27 − 03/05

Charmless 3-body

• Search new physics in b→s or b→d 
penguin dominated processes.

• Typical analysis involves Dalitz plot 
analysis, some with time dependence, and 
some need to utilize isospin/SU(3) 
symmetry.
‣ Interferences among resonances allow CKM 

angles and strong phases measurement.
✦ Eg., α : B→πππ;  γ : B→Kππ;  β : B→KSKSKS

‣ Search for direct CPV in components.

• Other structure in Dalitz plot.

16



Charmless B Decays in B-Factories La Thuile, 2011/02/27 − 03/05

B→ϕϕK analysis
• Possible new physics in b→s penguin. Interference with B→ηcK at 
ϕϕ mass near ηc could produce large CPV.

• Study spin structure of ϕϕ system. Only JP=0− component of 3-body 
B decay interfere with ηc.

17

3

Motivation
• The 3-body decay B!""K is a b!s penguin

– may have New Physics contributing to the loop.

• The 2-body decay B!#cK is a tree-level b!c decay
– little room for New Physics.

• If the B!#cK is followed by #c!"", the tree and penguin amplitudes will interfere in the ""
mass region near the #c.

• In the Standard Model, the tree and penguin amplitudes have the same weak phase, so no
direct CPV is expected.

• Non-zero direct CP asymmetry would be a smoking gun for New Physics.
– Could be as large as 40%!  (Haizumi, Phys. Lett. B 583, 285 (2004)).

B!""K
(Penguin)

B!#cK; #c!"" 
(Tree) New 

Physics?

New CP violating phase?



Charmless B Decays in B-Factories La Thuile, 2011/02/27 − 03/05

Peaking background

• Peaking B→5K background occupy different zones on mϕ1-mϕ2 plane.
• Fit yields by zone and use cross-zone contributions determined by MC 

to estimate peaking background.
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Figure 8: Scatter plots of mφ2 vs mφ1 for B+ signal and the four B+ peaking background modes.
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Figure 8: Scatter plots of mφ2 vs mφ1 for B+ signal and the four B+ peaking background modes.
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Simulation

8

for the invariant mass of each φ → K+K− candidate234

(mφ1 and mφ2).235

As a first step, we divide the mφ1 vs. mφ2 plane [15]236

in the range of 0.987 to 1.200 GeV into five mutu-237

ally exclusive zones. We fit for the B → 5K yield in238

each zone using only mES, ∆E, and F in the likeli-239

hood. The zones are based on various combinations of240

the φ signal and sideband regions, which are defined as:241

Low-SB [0.987,1.000] GeV, phi-signal [1.00,1.04] GeV,242

and High-SB [1.04,1.20] GeV. Each of the five zones is243

chosen so that either the B → φφK signal or one of the244

four peaking B backgrounds is concentrated in the re-245

gion. We compute the number of peaking background246

events within the mφ range used for the branching frac-247

tion fit by using the results of the five zone fits as de-248

scribed below.249

Figure 2 shows the distribution of events in the mφ2250

vs. mφ1 plane for the selected B+ → 5K candidates in251

the data. To enhance the B+ → 5K signal for the fig-252

ure, we have required mES > 5.27 GeV, |∆E| < 0.040253

GeV, and F < 0.0. The inset of the figure shows the254

definition of the five zones. A concentration of events in255

the phi-signal region for both φ candidates (zone 1) is256

clearly evident. The region defined as phi-signal com-257

bined with High-SB for either φ candidate (zone 2) con-258

tains the largest fraction of the B → φK+K−K mode,259

although the B → φφK signal also populates this region260

due to cases where one φ is mis-reconstructed. The zone261

where the invariant mass of both φ candidates is in the262

High-SB region (zone 3) contains the largest concentra-263

tion of the non-resonant B → K+K−K+K−K mode.264

Zones 4 and 5 contain a large fraction of the B → f0φK265

and B → f0K+K−K modes, respectively, and very small266

fractions of the other three modes.267

Monte Carlo samples for the five B decay modes (sig-268

nal plus four peaking background modes) are used to269

determine the fraction of events in each zone (i) for each270

decay mode (j), which we denote with the matrix fij .271

The total B → 5K yield (ni) is determined for each zone272

i using five separate maximum likelihood fits of the data.273

The yield for each B decay mode (Nj) and the amount274

of each mode j in zone i (nij) can be determined from275

Nj =
∑

i

f−1
ij ni and nij = fijNj . (1)

Zone 1 corresponds to themφ range used in the branching276

fraction maximum likelihood fit.277

C. Maximum Likelihood Fits278

The extended maximum likelihood fits in the five zones279

determine the B → 5K signal and combinatoric back-280

ground yields in each zone. The B → 5K signal is split281

into properly reconstructed and misreconstructed (“self-282

crossfeed”) components, with the self-crossfeed fraction283

fixed. The self-crossfeed component is defined as events284

where a true B → 5K decay is present in the event, but285
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FIG. 2: Data distribution of B+ → 5K events in the mφ2 vs.
mφ1 plane for events with mφφ < 2.85 GeV. To enhance the
B → 5K signal for the figure, we have required mES > 5.27
GeV, |∆E| < 0.040 GeV, and F < 0.0. The efficiency of these
additional requirements, relative to the nominal selection, is
about 70% for the signal. The inset shows the definition of
the five zones.

one or more tracks used in the reconstructed B are either 286

from the other B in the event or not real. In zone 1, the 287

self-crossfeed fraction for B → φφK decays is around 7%. 288

The properly reconstructed B → 5K signal component 289

is described by the following PDFs: a Crystal Ball func- 290

tion [16] for mES, the sum of three Gaussians for ∆E, 291

and the sum of a bifurcated Gaussian and a Gaussian for 292

F . The Crystal Ball function is a Gaussian modified to 293

have an extended power-law tail on the low side. The 294

B → 5K signal PDF parameters are determined from 295

MC samples with corrections to the mES and ∆E core 296

mean and width parameters from the B → DsD con- 297

trol samples. The mean corrections are 0.04± 0.11 MeV 298

and −3.5± 0.8 MeV for mES and ∆E, respectively. The 299

width scale factors are 1.10±0.04 and 1.04±0.05 for mES 300

and ∆E, respectively. The combinatoric background is 301

described by the following PDFs: an empirical threshold 302

function [17] for mES, a first-order polynomial for ∆E, 303

and the sum of two Gaussians for F . Most of the com- 304

binatoric background PDF shape parameters are allowed 305

to float in the fits. 306

The results of the five zone fits for the B+ and B0
307

modes are given in Tables V and VI, respectively, in the 308

appendix. The B → φφK signal is observed in both 309

the B+ and B0 samples. The B0 → φφK0 decay has 310

not been observed previously. The B yield in zone 2 for 311

the B+ mode is significant, but about half of this is due 312

to misreconstructed B → φφK signal. The computed 313

BABAR preliminary 464× 106BB

4

φφK0 sample; here we obtain a fraction of (7 ± 9)%.
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FIG. 1: Distributions of Mbc and ∆E for the decay modes
B±

→ φφK± (a,b) and B0
→ φφK0 (c,d), with φφ in-

variant mass less then 2.85 GeV/c2. The open histograms
are the data, the solid curves show the result of the fit, the
dash-dotted curves represent the signal contributions and the
dashed curves show the continuum background contributions.

Table I summarizes the φφK results after subtract-
ing the non-φφK contribution. Signal efficiencies are ob-
tained by generating φφK MC events, where the same
Mφφ < 2.85 GeV/c2 requirement is applied. System-
atic uncertainties in the fit are obtained by performing
fits in which the signal peak positions and resolutions
of the signal PDFs are successively varied by ±1σ. The
quadratic sum of each deviation from the central value
of the fit gives the systematic uncertainty of the fit. For
each systematic check, the statistical significance is taken
as

√

−2 ln(Lfeeddown/Lmax), where Lfeeddown and Lmax

are the likelihoods at the expected non-φφK yields and
the best fit, respectively. The change in significance that
arises from uncertainties in the signal PDFs is negligi-
ble (< 1%). We choose the significance calculated after
increasing the non-φφK yield by its 1σ statistical un-
certainty as our significance including systematic uncer-
tainty. The numbers of B+B− and B0B0 pairs are as-
sumed to be equal.

The systematic uncertainty resulting from the R re-
quirement is studied by checking the data-MC efficiency
ratio using the B+ → D0(→ K+π−π−π+)π+ sample.
The corresponding systematic error is 2.7-2.8% and again
depends on the decay channel and SVD geometry. The
systematic errors on the charged track reconstruction are

1

1.05

1.1

1.15

1.2

1 1.05 1.1 1.15 1.2

(a)

MKK (GeV/c2)

M
K

K
 (G

eV
/c

2 )

0

5

10

15

20

25

30

1 1.05 1.1 1.15 1.2

(b)

MKK (GeV/c2)

B
 s

ig
na

l y
ie

ld
/(1

0 
M

eV
/c

2 )

FIG. 2: (a) The distribution of M1
K+K−

vs. M2
K+K−

for
the K+K−K+K−K± candidates in the Mbc − ∆E signal
box with MK+K− < 1.2 GeV/c2. The two K+K− bands
indicate the φ mass region (1.0 GeV/c2 < MK+K− < 1.04
GeV/c2). The horizontal and vertical dashed lines are lo-
cated at MK+K− = 1.05 GeV/c2. The rectangle on the up-
per right is the φφ sideband region; events in this region are
used to estimate the non-resonant B → 5K contribution. (b)
B signal yield as a function of the MK+K− after requiring
the other K+K− pair to have a mass in the φ mass region.
A threshold function is used to fit the data; events with 1.0
GeV/c2 < MK+K− < 1.04 GeV/c2 are excluded when the fit
is performed.

estimated to be around 1% per track using partially re-
constructed D∗ events. Therefore, the tracking system-
atic error is 5% (five tracks) for the φφK± mode and
4% for the φφK0 mode (excluding K0

S reconstruction).
The kaon identification efficiency is studied using samples
of inclusive D∗+ → D0π+, D0 → K−π+ decays. The
K0

S reconstruction is verified by comparing the ratio of
D+ → K0

Sπ+ and D+ → K−π+π+ yields. The resulting
K0

S detection systematic error is 4.9%. The uncertainty
in the number of BB events is 1.4%. The final systematic
error is obtained by summing all correlated errors linearly
and then quadratically summing the uncorrelated errors.

After subtracting the non-φφK contribution, the
branching fractions for charmless B → φφK decays are
B(B± → φφK±) = (3.2+0.6

−0.5 ± 0.3) × 10−6 with a 9.5σ
significance and B(B0 → φφK0) = (2.3+1.0

−0.7±0.2)×10−6

with a 4.7σ significance. The measured charge asymme-
try for B± → φφK± decay is 0.01+0.19

−0.16 ± 0.02. The first
error is statistical and the second is systematic.

It is of interest to search for possible φφ resonances
above charmonium threshold. Figure 3(a) shows the B
signal yield divided by the bin size as a function of Mφφ

if the Mφφ < 2.85 GeV/c2 requirement is not applied.
There is no enhancement in the high φφ mass region
except for the ηc peak near 3 GeV/c2. Reference [2]
suggests the possibility of a large CP asymmetry, which
could arise from the interference between B± → φφK±

and B± → ηc(→ φφ)K± decays. Events with φφ invari-
ant mass within ±40 MeV/c2 of the nominal ηc mass are
selected to investigate this asymmetry. The measured
CP asymmetry is 0.15+0.16

−0.17 ± 0.02, which is consistent
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Fitting yields
• Maximum likelihood fit to mES, ΔE, Fisher, 

mϕ1, mϕ2 [BABAR].

• Cut on a likelihood of Fisher, cosθB, and Δz, 
and flavor tagging on the recoiled B, and 
then fit to mES, ΔE [Belle].
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B+ → φK+K−K+ and B+ → K+K−K+K−K+ yields314

are positive, but the significance is less than two standard315

deviations. There is no evidence of either B → f0φK316

or B → f0K+K−K. The branching fraction maximum317

likelihood fits use the mφ range that corresponds to zone318

1. We fix the yield of each of the four peaking back-319

ground modes to the zone 1 value in Table V or VI for320

the branching fraction fit described below.321

III. BRANCHING FRACTION ANALYSIS322

The maximum likelihood fit used to measure the B →323

φφK yield below the ηc resonance for the branching324

fraction measurement restricts the event selection with325

mφφ < 2.85 GeV and mφ within [1.00,1.04] GeV, which326

corresponds to zone 1 in the peaking background discus-327

sion above. The fit components are B → φφK signal,328

combinatoric background, and the four peaking back-329

grounds.330

In addition to mES, ∆E, and F , PDFs for mφ1
and331

mφ2
are included in the likelihood function. For each fit332

component, each φ candidate has a PDF that is the sum333

of a properly reconstructed φ → K+K− decay, given334

by a relativistic Breit-Wigner function, and a misrecon-335

structed φ, described by a first-order polynomial. The336

mφ1
and mφ2

PDFs are combined in a way that is sym-337

metric under 1 ↔ 2 exchange and takes into account the338

fractions of events where both φ candidates are prop-339

erly reconstructed, one φ is misreconstructed, and both340

φ candidates are misreconstructed.341

In addition to the signal and combinatoric background342

yields, the charge asymmetry for the signal and combi-343

natoric background components and most of the combi-344

natoric background PDF parameters are floating in the345

fit.346

The results of the B+ and B0 fits are shown in Fig-347

ures 3 and 4, respectively. To reduce the combinatoric348

background in each distribution shown in the figures, a349

requirement was made on a likelihood ratio, which is350

based on all the fit variables except the one plotted.351

The fitted yields of B+ and B0 signal candidates with352

mφφ < 2.85 GeV are 178 ± 15 events and 40± 7 events,353

respectively, where the uncertainties are statistical only.354

The fitted charge asymmetry ACP for the background355

component is 0.02± 0.03. The charge asymmetry for the356

signal component is −0.10± 0.08.357

A. Systematic Uncertainties358

Table I summarizes the systematic uncertainties on the359

B → φφK branching fractions in the mφφ < 2.85 GeV360

region. The systematics are divided into additive uncer-361

tainties that affect the B yield measurement and multi-362

plicative uncertainties in the branching fraction calcula-363

tion.364
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FIG. 3: Results of fitting the B+ → φφK+ sample for
mφφ < 2.85 GeV. The dashed red curve is the sum of the
combinatoric and peaking background components. The solid
blue curve is for all components. A requirement on a likeli-
hood ratio based on all fit variables except the one plotted is
made to reject most of the background. The likelihood ratio
requirements are about 84% efficient for the signal.
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mφφ < 2.85 GeV. The dashed red curve is the sum of the
combinatoric and peaking background components. The solid
blue curve is for all components. A requirement on a likeli-
hood ratio based on all fit variables except the one plotted is
made to reject most of the background. The likelihood ratio
requirements are about 84% efficient for the signal.

The uncertainties from the corrections applied to the 365

PDF parameters such as the mES and ∆E core mean and 366

width for the signal component, which are derived from 367

data control samples, are listed under “ML Fit Yield”. 368
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FIG. 3: Results of fitting the B+ → φφK+ sample for
mφφ < 2.85 GeV. The dashed red curve is the sum of the
combinatoric and peaking background components. The solid
blue curve is for all components. A requirement on a likeli-
hood ratio based on all fit variables except the one plotted is
made to reject most of the background. The likelihood ratio
requirements are about 84% efficient for the signal.
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FIG. 4: Results of fitting the B0 → φφK0
S sample for

mφφ < 2.85 GeV. The dashed red curve is the sum of the
combinatoric and peaking background components. The solid
blue curve is for all components. A requirement on a likeli-
hood ratio based on all fit variables except the one plotted is
made to reject most of the background. The likelihood ratio
requirements are about 84% efficient for the signal.

The uncertainties from the corrections applied to the 365

PDF parameters such as the mES and ∆E core mean and 366

width for the signal component, which are derived from 367

data control samples, are listed under “ML Fit Yield”. 368
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B+ → φφK+

B0 → φφK0
S

Nsig = 178± 15

Nsig = 40± 7

4

φφK0 sample; here we obtain a fraction of (7 ± 9)%.
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FIG. 1: Distributions of Mbc and ∆E for the decay modes
B±

→ φφK± (a,b) and B0
→ φφK0 (c,d), with φφ in-

variant mass less then 2.85 GeV/c2. The open histograms
are the data, the solid curves show the result of the fit, the
dash-dotted curves represent the signal contributions and the
dashed curves show the continuum background contributions.

Table I summarizes the φφK results after subtract-
ing the non-φφK contribution. Signal efficiencies are ob-
tained by generating φφK MC events, where the same
Mφφ < 2.85 GeV/c2 requirement is applied. System-
atic uncertainties in the fit are obtained by performing
fits in which the signal peak positions and resolutions
of the signal PDFs are successively varied by ±1σ. The
quadratic sum of each deviation from the central value
of the fit gives the systematic uncertainty of the fit. For
each systematic check, the statistical significance is taken
as

√

−2 ln(Lfeeddown/Lmax), where Lfeeddown and Lmax

are the likelihoods at the expected non-φφK yields and
the best fit, respectively. The change in significance that
arises from uncertainties in the signal PDFs is negligi-
ble (< 1%). We choose the significance calculated after
increasing the non-φφK yield by its 1σ statistical un-
certainty as our significance including systematic uncer-
tainty. The numbers of B+B− and B0B0 pairs are as-
sumed to be equal.

The systematic uncertainty resulting from the R re-
quirement is studied by checking the data-MC efficiency
ratio using the B+ → D0(→ K+π−π−π+)π+ sample.
The corresponding systematic error is 2.7-2.8% and again
depends on the decay channel and SVD geometry. The
systematic errors on the charged track reconstruction are
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FIG. 2: (a) The distribution of M1
K+K−

vs. M2
K+K−

for
the K+K−K+K−K± candidates in the Mbc − ∆E signal
box with MK+K− < 1.2 GeV/c2. The two K+K− bands
indicate the φ mass region (1.0 GeV/c2 < MK+K− < 1.04
GeV/c2). The horizontal and vertical dashed lines are lo-
cated at MK+K− = 1.05 GeV/c2. The rectangle on the up-
per right is the φφ sideband region; events in this region are
used to estimate the non-resonant B → 5K contribution. (b)
B signal yield as a function of the MK+K− after requiring
the other K+K− pair to have a mass in the φ mass region.
A threshold function is used to fit the data; events with 1.0
GeV/c2 < MK+K− < 1.04 GeV/c2 are excluded when the fit
is performed.

estimated to be around 1% per track using partially re-
constructed D∗ events. Therefore, the tracking system-
atic error is 5% (five tracks) for the φφK± mode and
4% for the φφK0 mode (excluding K0

S reconstruction).
The kaon identification efficiency is studied using samples
of inclusive D∗+ → D0π+, D0 → K−π+ decays. The
K0

S reconstruction is verified by comparing the ratio of
D+ → K0

Sπ+ and D+ → K−π+π+ yields. The resulting
K0

S detection systematic error is 4.9%. The uncertainty
in the number of BB events is 1.4%. The final systematic
error is obtained by summing all correlated errors linearly
and then quadratically summing the uncorrelated errors.

After subtracting the non-φφK contribution, the
branching fractions for charmless B → φφK decays are
B(B± → φφK±) = (3.2+0.6

−0.5 ± 0.3) × 10−6 with a 9.5σ
significance and B(B0 → φφK0) = (2.3+1.0

−0.7±0.2)×10−6

with a 4.7σ significance. The measured charge asymme-
try for B± → φφK± decay is 0.01+0.19

−0.16 ± 0.02. The first
error is statistical and the second is systematic.

It is of interest to search for possible φφ resonances
above charmonium threshold. Figure 3(a) shows the B
signal yield divided by the bin size as a function of Mφφ

if the Mφφ < 2.85 GeV/c2 requirement is not applied.
There is no enhancement in the high φφ mass region
except for the ηc peak near 3 GeV/c2. Reference [2]
suggests the possibility of a large CP asymmetry, which
could arise from the interference between B± → φφK±

and B± → ηc(→ φφ)K± decays. Events with φφ invari-
ant mass within ±40 MeV/c2 of the nominal ηc mass are
selected to investigate this asymmetry. The measured
CP asymmetry is 0.15+0.16

−0.17 ± 0.02, which is consistent
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FIG. 5: Fitted B+ → φφK+ yield as a function of mφφ.
Each point shows the results of a maximum likelihood fit of
the events in that bin. The inset is the same data with an
expanded vertical range to show the shape of the non-resonant
component more clearly. The yield has been divided by the
bin width and scaled by 0.027 GeV, which is the bin width
of the three bins in the ηc resonance region ([2.94,3.02] GeV
and dashed vertical lines in the inset). The two narrow bins
above the ηc are centered on the χc0 (bin range [3.400,3.430]
GeV) and the χc2 (bin range [3.552,3.560] GeV).

where the first uncertainty is statistical and the second432

uncertainty is systematic. The value above includes the433

same 1% bias correction and has the same 2% overall434

systematic uncertainty as the signal charge asymmetry435

below the ηc resonance as described above.436

The fit yields 100 ± 10 signal candidates. Using437

B(B+ → ηcK+) = (9.1± 1.3)× 10−4 and B(ηc → φφ) =438

(2.7 ± 0.9) × 10−3 from the PDG [18], a B+ → φφK+;439

φ → K+K− reconstruction efficiency of 29% in the440

ηc resonance region, and an efficiency of 78% for the441

mφφ window of [2.94,3.02] GeV for the ηc resonance, we442

would expect 62 ± 22 signal events, ignoring the non-443

resonant B+ → φφK+ contribution and any interfer-444

ence between the resonant ηc and non-resonant ampli-445

tudes. We do not use our B+ event yield to measure446

B(B+ → ηcK+) × B(ηc → φφ) due to the potentially447

large interference effects between the resonant and non-448

resonant φφ amplitudes which we can not easily quantify.449

The ACP may integrate to zero, even if there is a con-450

tributing non-Standard-Model amplitude with a non-zero451

CP violating phase. However, in this case the phase vari-452

ation of the ηc resonance could give non-zero ACP val-453

ues with opposite signs above and below the peak of the454

resonance. We have performed the measurement in two455

ranges, splitting the ηc region into two regions (above456

and below the peak of the resonance). The results are457

ACP (mφφ in [2.94, 2.98] GeV) = −0.10± 0.15± 0.02

ACP (mφφ in [2.98, 3.02] GeV) = −0.08± 0.14± 0.02,

both of which are consistent with zero, as expected in the458

Standard Model.459

TABLE III: Fit results for B+ → φφK+ within ηc resonance
region (mφφ within [2.94,3.02] GeV). The signal charge asym-
metry Ach has been corrected by adding +0.010 ± 0.005 to
the fitted asymmetry.

ML fit quantity/Analysis B+ → φφK+

Events to fit 181
Fit signal yield 100 ± 10

MC ε (%) 29.2
Corr. Signal Ach −0.09± 0.10± 0.02
Comb. Bkg. Ach −0.06± 0.11

V. ANGULAR STUDIES 460

We use the angular variables that describe the B+ → 461

φφK+ decay to investigate the spin components of the 462

φφ system below and within the ηc resonance. The angles 463

are defined as follows. 464

• θi, (i = 1, 2) : The θi angle is the angle between the 465

momentum of the K+ coming from the decay of φi 466

in the φi rest frame with respect to the boost di- 467

rection from the φφ rest frame to the φi rest frame. 468

• χ: The χ angle is the dihedral angle between the 469

φ1 and φ2 decay planes in the φφ rest frame. 470

• θφφ: The θφφ angle is the angle between one of 471

the φ mesons in φφ rest frame with respect to the 472

boost direction from the B+ rest frame to the φφ 473

rest frame. 474

We project the JP = 0− component by making a his- 475

togram of mφφ weighting each event by 476

P2(cos θ1) Re
[

Y 2
2 (θ2,χ)

]

=

25

4

{

3 cos2 θ1 − 1
}

sin2 θ2 cos 2χ.
(2)

In each bin, the JP = 0− component yield is projected 477

out, while combinatoric background averages to zero. 478

To do this, we select events in a signal region defined 479

by: mES > 5.27 GeV, |∆E| < 40 MeV, mφ within 480

[1.01,1.03] GeV, and F < 0.5. The efficiency of these 481

requirements, relative to the selection used in the asym- 482

metry measurement, is about 78% for signal events and 483

2.9% for combinatoric background. The combinatoric 484

background that remains after this selection is shown us- 485

ing events in the sideband region (mES < 5.27 GeV and 486

|∆E| < 100 MeV) scaled by 0.065, which is the signal- 487

to-sideband ratio for the combinatoric background. 488

The results are shown in Figure 6. The weighted yield 489

in the ηc region is consistent with all of the B+ → φφK+
490

events having JP = 0−. Just below the ηc region, the 491

weighted yield is consistent with zero. The excess in the 492

bins near 2.2 GeV may be due to the η(2225) seen in 493

J/ψ → γφφ events at Mark III [23] and BES [24]. 494

Figure 7 shows background-subtracted distributions of 495

χ, cos θi, and | cos θφφ| for the nominal event selection. 496
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FIG. 5: Fitted B+ → φφK+ yield as a function of mφφ.
Each point shows the results of a maximum likelihood fit of
the events in that bin. The inset is the same data with an
expanded vertical range to show the shape of the non-resonant
component more clearly. The yield has been divided by the
bin width and scaled by 0.027 GeV, which is the bin width
of the three bins in the ηc resonance region ([2.94,3.02] GeV
and dashed vertical lines in the inset). The two narrow bins
above the ηc are centered on the χc0 (bin range [3.400,3.430]
GeV) and the χc2 (bin range [3.552,3.560] GeV).

where the first uncertainty is statistical and the second432

uncertainty is systematic. The value above includes the433

same 1% bias correction and has the same 2% overall434

systematic uncertainty as the signal charge asymmetry435

below the ηc resonance as described above.436

The fit yields 100 ± 10 signal candidates. Using437

B(B+ → ηcK+) = (9.1± 1.3)× 10−4 and B(ηc → φφ) =438

(2.7 ± 0.9) × 10−3 from the PDG [18], a B+ → φφK+;439

φ → K+K− reconstruction efficiency of 29% in the440

ηc resonance region, and an efficiency of 78% for the441

mφφ window of [2.94,3.02] GeV for the ηc resonance, we442

would expect 62 ± 22 signal events, ignoring the non-443

resonant B+ → φφK+ contribution and any interfer-444

ence between the resonant ηc and non-resonant ampli-445

tudes. We do not use our B+ event yield to measure446

B(B+ → ηcK+) × B(ηc → φφ) due to the potentially447

large interference effects between the resonant and non-448

resonant φφ amplitudes which we can not easily quantify.449

The ACP may integrate to zero, even if there is a con-450

tributing non-Standard-Model amplitude with a non-zero451

CP violating phase. However, in this case the phase vari-452

ation of the ηc resonance could give non-zero ACP val-453

ues with opposite signs above and below the peak of the454

resonance. We have performed the measurement in two455

ranges, splitting the ηc region into two regions (above456

and below the peak of the resonance). The results are457

ACP (mφφ in [2.94, 2.98] GeV) = −0.10± 0.15± 0.02

ACP (mφφ in [2.98, 3.02] GeV) = −0.08± 0.14± 0.02,

both of which are consistent with zero, as expected in the458

Standard Model.459

TABLE III: Fit results for B+ → φφK+ within ηc resonance
region (mφφ within [2.94,3.02] GeV). The signal charge asym-
metry Ach has been corrected by adding +0.010 ± 0.005 to
the fitted asymmetry.

ML fit quantity/Analysis B+ → φφK+

Events to fit 181
Fit signal yield 100 ± 10

MC ε (%) 29.2
Corr. Signal Ach −0.09± 0.10± 0.02
Comb. Bkg. Ach −0.06± 0.11

V. ANGULAR STUDIES 460

We use the angular variables that describe the B+ → 461

φφK+ decay to investigate the spin components of the 462

φφ system below and within the ηc resonance. The angles 463

are defined as follows. 464

• θi, (i = 1, 2) : The θi angle is the angle between the 465

momentum of the K+ coming from the decay of φi 466

in the φi rest frame with respect to the boost di- 467

rection from the φφ rest frame to the φi rest frame. 468

• χ: The χ angle is the dihedral angle between the 469

φ1 and φ2 decay planes in the φφ rest frame. 470

• θφφ: The θφφ angle is the angle between one of 471

the φ mesons in φφ rest frame with respect to the 472

boost direction from the B+ rest frame to the φφ 473

rest frame. 474

We project the JP = 0− component by making a his- 475

togram of mφφ weighting each event by 476

P2(cos θ1) Re
[

Y 2
2 (θ2,χ)

]

=

25

4

{

3 cos2 θ1 − 1
}

sin2 θ2 cos 2χ.
(2)

In each bin, the JP = 0− component yield is projected 477

out, while combinatoric background averages to zero. 478

To do this, we select events in a signal region defined 479

by: mES > 5.27 GeV, |∆E| < 40 MeV, mφ within 480

[1.01,1.03] GeV, and F < 0.5. The efficiency of these 481

requirements, relative to the selection used in the asym- 482

metry measurement, is about 78% for signal events and 483

2.9% for combinatoric background. The combinatoric 484

background that remains after this selection is shown us- 485

ing events in the sideband region (mES < 5.27 GeV and 486

|∆E| < 100 MeV) scaled by 0.065, which is the signal- 487

to-sideband ratio for the combinatoric background. 488

The results are shown in Figure 6. The weighted yield 489

in the ηc region is consistent with all of the B+ → φφK+
490

events having JP = 0−. Just below the ηc region, the 491

weighted yield is consistent with zero. The excess in the 492

bins near 2.2 GeV may be due to the η(2225) seen in 493

J/ψ → γφφ events at Mark III [23] and BES [24]. 494

Figure 7 shows background-subtracted distributions of 495

χ, cos θi, and | cos θφφ| for the nominal event selection. 496

BABAR preliminary464× 106BB

(10−6) B(B+ → φφK+) B(B0 → φφK0)
BABAR 5.6± 0.5± 0.3 4.5± 0.8± 0.3
Belle 3.2+0.6

−0.5 ± 0.3 2.3+1.0
−0.7 ± 0.2

Partial BF: mφφ < 2.85GeV

mφφ < 2.85GeV 2.94–2.98GeV 2.98–3.02GeV
BABAR −0.10± 0.08± 0.02 −0.10± 0.15± 0.02 −0.08± 0.14± 0.02
Belle 0.01+0.19

−0.16 ± 0.02 0.15+0.16
−0.17 ± 0.02

ACP (φφK+) below and within ηc region, consistent with zero.
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TABLE I: Mode, yield, efficiency including secondary branching fractions, branching fraction for B → φφK and related
charmonium decays.

Mode Yield Efficiency(%) B(10−6)
B±

→ φφK± (Mφφ < 2.85 GeV/c2) 34.2+6.4
−5.8 2.41 3.2+0.6

−0.5 ± 0.3
B0

→ φφK0 (Mφφ < 2.85 GeV/c2) 7.3+3.0
−2.4 0.69 2.3+1.0

−0.7 ± 0.2
B±

→ ηcK
±, ηc → φφ 27.9+7.3

−6.9 2.72 2.3 ± 0.6 ± 0.2
B±

→ ηcK
±, ηc → φK+K− 60.3+12.2

−11.8 4.85 2.8+0.6
−0.5 ± 0.2

B±
→ ηcK

±, ηc → 2(K+K−) 105.7+26.1
−20.7 9.93 2.4+0.6

−0.5 ± 0.2
B±

→ J/ψK±, J/ψ → φK+K− 26.3+6.9
−6.1 4.67 1.3 ± 0.3 ± 0.2

B± → J/ψK±, J/ψ → 2(K+K−) 36.0+7.7
−7.3 9.41 0.85+0.18

−0.17 ± 0.10

with no asymmetry.

We study possible charmonium states by measuring
the B yield with M4K between 2.8 GeV/c2 and 3.2
GeV/c2. Since ηc and J/ψ mesons may decay to φK+K−

and 2(K+K−), mass fits are performed with and with-
out the requirement that one or both K+K− pairs lie in
the φ mass region. As shown in Fig. 3, clear ηc and J/ψ
resonances are visible in the φK+K− and 4K samples
while only an ηc peak appears in the φφ mode.

We obtain the signal yields for B± → ηcK± and
B± → J/ψK± by performing χ2 fits with asymmetric
errors to the Mφφ, MφK+K− and M4K invariant mass
distributions, which are presented in Figs. 3(b, c, d).
The J/ψ signal PDF is modeled with a Gaussian func-
tion while the ηc PDF is described by a Breit-Wigner
function convoluted with a Gaussian resolution function,
which has the same Gaussian width as the J/ψ PDF.
Since sizable signals are observed in the 4K mode, the
parameters are determined using the 4K sample and the
same signal PDFs are then applied to the φK+K− and
φφ samples. The obtained Gaussian width is measured
to be 4.5+1.9

−1.3 MeV/c2. The resulting signal yields are
summarized in Table I. The peak positions obtained for
the ηc and J/ψ are 2.979 ± 0.002 ± 0.001 GeV/c2 and
3.094 ± 0.001 GeV/c2, respectively, consistent with the
nominal ηc and J/ψ masses. The ηc Breit-Wigner width
is measured to be 29.8+12.2

−8.5 ±0.1 MeV/c2, where the cen-
tral value is consistent with the world average [13] and
the second error is due to the uncertainty of the Gaussian
width for the mass resolution. The validity of determin-
ing B signal yields from a constrained χ2 fit with an
asymmetric error is verified by toy MC.

For the φK+K− and φφ modes, the non-φ contribu-
tion is determined from the B signal yields for events
with one K+K− pair in the φ sideband region (1.05
GeV/c2 < MK+K− < 1.09 GeV/c2) and the 4K and
φK+K− masses in the charmonium resonance region, re-
spectively. We find 3.0+2.1

−1.4 events in the ηc → φφ mode,
6.4+5.4

−4.5 events in the ηc → φK+K− mode, and 3.5+3.6
−2.6

events in the J/ψ → φK+K− mode. For the yields of
these modes, listed in Table I, the corresponding feed-
down yields have been subtracted.

Signal efficiencies are determined using signal MC and
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FIG. 3: B± signal yield as a function of (a,b) Mφφ, (c)
MφK+K− and (d) M4K . In (a) we use different bin sizes for
Mφφ less than 3 GeV/c2 and greater than 3 GeV/c2. The sub-
set with Mφφ from 2.8 GeV/c2 to 3.2 GeV/c2 is shown in (b).
The J/ψ signal PDF is modeled with a Gaussian function
while the ηc PDF is described by a Breit-Wigner function
convoluted with a Gaussian resolution function, which has
the same Gaussian width as the J/ψ PDF. The solid curves
in (b,c,d) show the results of the fit and the contributions
(second order polynomial) not from the J/ψ and ηc.

their systematic uncertainties are similar to what was
described in the charmless φφK part. Systematic uncer-
tainties in the fitting are obtained by performing fits in
which the signal peak positions, the resolutions of the sig-
nal PDF’s and the width of the Gaussian resolution func-
tion convoluted with the ηc PDF are successively varied
by ±σ. The quadratic sum of all deviations gives the sys-
tematic error of the fit. The products of the branching
fractions for various decays are listed in Table I. Since
the probabilities of ηc and J/ψ decays to 4K, φKK and

Belle[0802.1547] 449× 106BB
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TABLE I: Mode, yield, efficiency including secondary branching fractions, branching fraction for B → φφK and related
charmonium decays.

Mode Yield Efficiency(%) B(10−6)
B±

→ φφK± (Mφφ < 2.85 GeV/c2) 34.2+6.4
−5.8 2.41 3.2+0.6

−0.5 ± 0.3
B0

→ φφK0 (Mφφ < 2.85 GeV/c2) 7.3+3.0
−2.4 0.69 2.3+1.0

−0.7 ± 0.2
B±

→ ηcK
±, ηc → φφ 27.9+7.3

−6.9 2.72 2.3 ± 0.6 ± 0.2
B±

→ ηcK
±, ηc → φK+K− 60.3+12.2

−11.8 4.85 2.8+0.6
−0.5 ± 0.2

B±
→ ηcK

±, ηc → 2(K+K−) 105.7+26.1
−20.7 9.93 2.4+0.6

−0.5 ± 0.2
B±

→ J/ψK±, J/ψ → φK+K− 26.3+6.9
−6.1 4.67 1.3 ± 0.3 ± 0.2

B± → J/ψK±, J/ψ → 2(K+K−) 36.0+7.7
−7.3 9.41 0.85+0.18

−0.17 ± 0.10

with no asymmetry.

We study possible charmonium states by measuring
the B yield with M4K between 2.8 GeV/c2 and 3.2
GeV/c2. Since ηc and J/ψ mesons may decay to φK+K−

and 2(K+K−), mass fits are performed with and with-
out the requirement that one or both K+K− pairs lie in
the φ mass region. As shown in Fig. 3, clear ηc and J/ψ
resonances are visible in the φK+K− and 4K samples
while only an ηc peak appears in the φφ mode.

We obtain the signal yields for B± → ηcK± and
B± → J/ψK± by performing χ2 fits with asymmetric
errors to the Mφφ, MφK+K− and M4K invariant mass
distributions, which are presented in Figs. 3(b, c, d).
The J/ψ signal PDF is modeled with a Gaussian func-
tion while the ηc PDF is described by a Breit-Wigner
function convoluted with a Gaussian resolution function,
which has the same Gaussian width as the J/ψ PDF.
Since sizable signals are observed in the 4K mode, the
parameters are determined using the 4K sample and the
same signal PDFs are then applied to the φK+K− and
φφ samples. The obtained Gaussian width is measured
to be 4.5+1.9

−1.3 MeV/c2. The resulting signal yields are
summarized in Table I. The peak positions obtained for
the ηc and J/ψ are 2.979 ± 0.002 ± 0.001 GeV/c2 and
3.094 ± 0.001 GeV/c2, respectively, consistent with the
nominal ηc and J/ψ masses. The ηc Breit-Wigner width
is measured to be 29.8+12.2

−8.5 ±0.1 MeV/c2, where the cen-
tral value is consistent with the world average [13] and
the second error is due to the uncertainty of the Gaussian
width for the mass resolution. The validity of determin-
ing B signal yields from a constrained χ2 fit with an
asymmetric error is verified by toy MC.

For the φK+K− and φφ modes, the non-φ contribu-
tion is determined from the B signal yields for events
with one K+K− pair in the φ sideband region (1.05
GeV/c2 < MK+K− < 1.09 GeV/c2) and the 4K and
φK+K− masses in the charmonium resonance region, re-
spectively. We find 3.0+2.1

−1.4 events in the ηc → φφ mode,
6.4+5.4

−4.5 events in the ηc → φK+K− mode, and 3.5+3.6
−2.6

events in the J/ψ → φK+K− mode. For the yields of
these modes, listed in Table I, the corresponding feed-
down yields have been subtracted.

Signal efficiencies are determined using signal MC and
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FIG. 3: B± signal yield as a function of (a,b) Mφφ, (c)
MφK+K− and (d) M4K . In (a) we use different bin sizes for
Mφφ less than 3 GeV/c2 and greater than 3 GeV/c2. The sub-
set with Mφφ from 2.8 GeV/c2 to 3.2 GeV/c2 is shown in (b).
The J/ψ signal PDF is modeled with a Gaussian function
while the ηc PDF is described by a Breit-Wigner function
convoluted with a Gaussian resolution function, which has
the same Gaussian width as the J/ψ PDF. The solid curves
in (b,c,d) show the results of the fit and the contributions
(second order polynomial) not from the J/ψ and ηc.

their systematic uncertainties are similar to what was
described in the charmless φφK part. Systematic uncer-
tainties in the fitting are obtained by performing fits in
which the signal peak positions, the resolutions of the sig-
nal PDF’s and the width of the Gaussian resolution func-
tion convoluted with the ηc PDF are successively varied
by ±σ. The quadratic sum of all deviations gives the sys-
tematic error of the fit. The products of the branching
fractions for various decays are listed in Table I. Since
the probabilities of ηc and J/ψ decays to 4K, φKK and
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TABLE I: Mode, yield, efficiency including secondary branching fractions, branching fraction for B → φφK and related
charmonium decays.

Mode Yield Efficiency(%) B(10−6)
B±

→ φφK± (Mφφ < 2.85 GeV/c2) 34.2+6.4
−5.8 2.41 3.2+0.6

−0.5 ± 0.3
B0

→ φφK0 (Mφφ < 2.85 GeV/c2) 7.3+3.0
−2.4 0.69 2.3+1.0

−0.7 ± 0.2
B±

→ ηcK
±, ηc → φφ 27.9+7.3

−6.9 2.72 2.3 ± 0.6 ± 0.2
B±

→ ηcK
±, ηc → φK+K− 60.3+12.2

−11.8 4.85 2.8+0.6
−0.5 ± 0.2

B±
→ ηcK

±, ηc → 2(K+K−) 105.7+26.1
−20.7 9.93 2.4+0.6

−0.5 ± 0.2
B±

→ J/ψK±, J/ψ → φK+K− 26.3+6.9
−6.1 4.67 1.3 ± 0.3 ± 0.2

B± → J/ψK±, J/ψ → 2(K+K−) 36.0+7.7
−7.3 9.41 0.85+0.18

−0.17 ± 0.10

with no asymmetry.

We study possible charmonium states by measuring
the B yield with M4K between 2.8 GeV/c2 and 3.2
GeV/c2. Since ηc and J/ψ mesons may decay to φK+K−

and 2(K+K−), mass fits are performed with and with-
out the requirement that one or both K+K− pairs lie in
the φ mass region. As shown in Fig. 3, clear ηc and J/ψ
resonances are visible in the φK+K− and 4K samples
while only an ηc peak appears in the φφ mode.

We obtain the signal yields for B± → ηcK± and
B± → J/ψK± by performing χ2 fits with asymmetric
errors to the Mφφ, MφK+K− and M4K invariant mass
distributions, which are presented in Figs. 3(b, c, d).
The J/ψ signal PDF is modeled with a Gaussian func-
tion while the ηc PDF is described by a Breit-Wigner
function convoluted with a Gaussian resolution function,
which has the same Gaussian width as the J/ψ PDF.
Since sizable signals are observed in the 4K mode, the
parameters are determined using the 4K sample and the
same signal PDFs are then applied to the φK+K− and
φφ samples. The obtained Gaussian width is measured
to be 4.5+1.9

−1.3 MeV/c2. The resulting signal yields are
summarized in Table I. The peak positions obtained for
the ηc and J/ψ are 2.979 ± 0.002 ± 0.001 GeV/c2 and
3.094 ± 0.001 GeV/c2, respectively, consistent with the
nominal ηc and J/ψ masses. The ηc Breit-Wigner width
is measured to be 29.8+12.2

−8.5 ±0.1 MeV/c2, where the cen-
tral value is consistent with the world average [13] and
the second error is due to the uncertainty of the Gaussian
width for the mass resolution. The validity of determin-
ing B signal yields from a constrained χ2 fit with an
asymmetric error is verified by toy MC.

For the φK+K− and φφ modes, the non-φ contribu-
tion is determined from the B signal yields for events
with one K+K− pair in the φ sideband region (1.05
GeV/c2 < MK+K− < 1.09 GeV/c2) and the 4K and
φK+K− masses in the charmonium resonance region, re-
spectively. We find 3.0+2.1

−1.4 events in the ηc → φφ mode,
6.4+5.4

−4.5 events in the ηc → φK+K− mode, and 3.5+3.6
−2.6

events in the J/ψ → φK+K− mode. For the yields of
these modes, listed in Table I, the corresponding feed-
down yields have been subtracted.

Signal efficiencies are determined using signal MC and
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FIG. 3: B± signal yield as a function of (a,b) Mφφ, (c)
MφK+K− and (d) M4K . In (a) we use different bin sizes for
Mφφ less than 3 GeV/c2 and greater than 3 GeV/c2. The sub-
set with Mφφ from 2.8 GeV/c2 to 3.2 GeV/c2 is shown in (b).
The J/ψ signal PDF is modeled with a Gaussian function
while the ηc PDF is described by a Breit-Wigner function
convoluted with a Gaussian resolution function, which has
the same Gaussian width as the J/ψ PDF. The solid curves
in (b,c,d) show the results of the fit and the contributions
(second order polynomial) not from the J/ψ and ηc.

their systematic uncertainties are similar to what was
described in the charmless φφK part. Systematic uncer-
tainties in the fitting are obtained by performing fits in
which the signal peak positions, the resolutions of the sig-
nal PDF’s and the width of the Gaussian resolution func-
tion convoluted with the ηc PDF are successively varied
by ±σ. The quadratic sum of all deviations gives the sys-
tematic error of the fit. The products of the branching
fractions for various decays are listed in Table I. Since
the probabilities of ηc and J/ψ decays to 4K, φKK and
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Angular study
• Project JP=0− component by weighting mϕϕ 

by the product of Legendre polynomial and 
spherical harmonic

• ηc region is consistent with JP=0−.
• Below ηc region is not consistent with JP=0−. 

but consistent with JP=0+. 
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8 Angular distributions below and within the ηc resonance

Bill Dunwoodie pointed out [17] that the angular distribution of the ηc → φφ should follow

d

d[cos(θ1)] d[cos(θ2)] d[χ]
≈ sin(θ1)

2 sin(θ2)
2 sin(χ)2, (14)

where θ1 is the angle between the momentum of the K+ in the φ1 rest frame with respect to the
direction from the ηc rest frame to the φ1 rest frame and χ is the dihedral angle between the φ1

and φ2 decay planes in the ηc rest frame. The decay angles are illustrated in Figure 24.
To see the decay angle distributions of the B → φφK signal, we used the simplified fit of the

B yield in the region of mφ in [1.00,1.04] (a.k.a. the “zone 1” fit) which fits for a B yield and a
combinatoric background yield using mES, ∆E, and the Fisher as the PDFs in the likelihood. We
performed this fit twice; once in the mφφ interval [0.,2.85] and once in the ηc region [2.94,3.02].
For each fit, we made sPlots of the angular distributions, which should give background-subtracted
distributions for the signal component with proper statistical uncertainties on the points. The
results are shown in Figures 25 and 26.

We looked at the B → φφK (3-body phase space) and B → ηcK signal Monte Carlo samples
and found that the reconstruction and selection efficiency is fairly flat in the angular distributions.
For each sPlot, we fit the points both to the distribution expected for the ηc → φφ decay and
to a flat distribution. For the region below the ηc resonance, the distributions in Figure 25 are
marginally consistent with flat and seem to show no structure. However, for the ηc resonance region,
the distributions in Figure 26 are inconsistent with flat and consistent with the expectations for
ηc → φφ decay. Most of the discrimination power for testing these hypotheses seems to be coming
from the endpoint regions, where the expected ηc → φφ distributions go to zero.

Another suggestion from Bill Dunwoodie [17] was to make a plot of the φ φ invariant mass
weighting the events by the product

P2(cos θ1) Re
[

Y 2
2 (θ2,χ)

]

=
25

4

{

3 cos2(θ1) − 1
}

sin2(θ2) cos(2χ), (15)

where P2 is a Legendre polynomial, Y 2
2 is a spherical harmonic, and the angles θ1, θ2, and χ are

defined above and in Figure 24. This should cleanly project out the JP = 0− component of the
events.

Figure 24: Illustration of the definitions of the decay angles θ1, θ2, and χ.
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Figure 25: sPlots of χ, cos(θ1), and cos(θ2) for below the ηc threshold (mφφ < 2.85). The results of
simple least χ2 fits to the points are shown for the the distribution expected for the ηc decay and
a flat distribution. The plot on the lower left is the sum of the top two plots.
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Figure 26: sPlots of χ, cos(θ1), and cos(θ2) for within the ηc resonance region (mφφ in [2.94,3.02]).
The results of simple least χ2 fits to the points are shown for the the distribution expected for the
ηc decay and a flat distribution. The plot on the lower left is the sum of the top two plots.
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FIG. 6: Histograms (top) and weighted distributions (bot-
tom) of mφφ for the signal region (solid points) and sideband
selection (dashed with open diamonds) defined in the text.
The sideband distributions have been normalized to the ex-
pected level of combinatoric background remaining after the
signal region selection. Events in the bottom distribution were
weighted by P2(cos θ1) Re

[

Y 2
2 (θ2,χ)

]

which projects out the

JP = 0− component. The yield has been divided by the bin
width and scaled by 0.211 GeV, which is the width of the bin
covering the ηc resonance ([2.875,3.086] GeV).

The background subtraction is done with the technique497

described in reference [25]. Since there is no meaning-498

ful distinction between φ1 and φ2, we combine the cos θ1499

and cos θ2 distributions into one plot of cos θ. The recon-500

struction and selection efficiency, determined from MC501

samples, is flat in χ and cos θ1, but not in | cos θφφ|, so502

the | cos θφφ| distribution is efficiency corrected. For each503

distribution, we performed a simple least-χ2 fit to the dis-504

tributions expected for both JP = 0− and JP = 0+ for505

the φφ system.506

For a JP = 0− state, we expect χ to have a sin2 χ507

distribution, while χ should be uniform for JP = 0+.508

The signal events in the ηc resonance region are consis-509

tent with a sin2 χ distribution while the signal below the510

ηc resonance is not. For a JP = 0− state, the distribu-511

tions of cos θi are expected to have sin2 θi distributions,512

while a JP = 0+ state is expected to have uniform cos θi513

distributions. The events in the ηc resonance region are514

TABLE IV: Quality of the angular fits shown in Figure 7.
The first column is the mφφ interval for the events in the fit.
The last column is the p-value of the χ2 goodness-of-fit test
for the hypothesis indicated in the third column.

mφφ (GeV) Variable PDF χ2/Ndof χ2 prob.
[2.94, 3.02] χ sin2 χ 9.51/9 0.39
[2.94, 3.02] χ uniform 60.3/9 1.2× 10−9

< 2.85 χ sin2 χ 41.6/9 3.9× 10−6

< 2.85 χ uniform 18.5/9 0.030
[2.94, 3.02] cos θ sin2 χ 9.97/9 0.39
[2.94, 3.02] cos θ uniform 60.5/9 1.1× 10−9

< 2.85 cos θ sin2 χ 32.9/9 1.7× 10−4

< 2.85 cos θ uniform 25.8/9 2.2× 10−3

[2.94, 3.02] | cos θφφ| uniform 9.02/9 0.44
< 2.85 | cos θφφ| uniform 5.01/9 0.83

consistent with a sin2 θi distribution, while the events 515

below the ηc resonance show a deviation from a sin2 θi 516

shape. 517

Finally, a spin-zero state should have a uniform 518

| cos θφφ| distribution. The efficiency-corrected distribu- 519

tions shown in Figure 7, both within and below the ηc 520

resonance region, are consistent with a uniform | cos θφφ| 521

distribution. 522

VI. SUMMARY AND CONCLUSIONS 523

We have measured the branching fractions and charge 524

asymmetries of B → φφK decays below the ηc resonance 525

in the φφ invariant mass (mφφ < 2.85 GeV). We observe 526

both B+ → φφK+ and B0 → φφK0
S , each with a sig- 527

nificance of greater than five standard deviations. The 528

B0 → φφK0
S decay has not been observed previously. 529

Our branching fraction measurements are higher than 530

the theoretical predictions of [21] and [22]. 531

We have measured the charge asymmetry for B+ → 532

φφK+ in the ηc resonance region, where a significant 533

non-zero value would be an unambiguous indication of 534

new physics. Our measurement is consistent with zero, 535

which is the expectation of the Standard Model. 536

Finally, we have studied the angular distributions of 537

B+ → φφK+ decays below and within the ηc resonance. 538

We conclude from these studies that the non-resonant 539

B+ → φφK+ events below the ηc resonance are, on aver- 540

age, more consistent with JP = 0+ than JP = 0−, while 541

the distributions within the ηc resonance region are all 542

consistent with JP = 0−. 543
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our PEP-II colleagues in achieving the excellent luminos-
ity and machine conditions that have made this work pos-
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the expertise and dedication of the computing organiza-
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wish to thank SLAC for its support and the kind hospital-
ity extended to them. This work is supported by the US
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signal region selection. Events in the bottom distribution were
weighted by P2(cos θ1) Re

[

Y 2
2 (θ2,χ)

]

which projects out the

JP = 0− component. The yield has been divided by the bin
width and scaled by 0.211 GeV, which is the width of the bin
covering the ηc resonance ([2.875,3.086] GeV).

The background subtraction is done with the technique497

described in reference [25]. Since there is no meaning-498

ful distinction between φ1 and φ2, we combine the cos θ1499

and cos θ2 distributions into one plot of cos θ. The recon-500

struction and selection efficiency, determined from MC501

samples, is flat in χ and cos θ1, but not in | cos θφφ|, so502

the | cos θφφ| distribution is efficiency corrected. For each503

distribution, we performed a simple least-χ2 fit to the dis-504

tributions expected for both JP = 0− and JP = 0+ for505

the φφ system.506

For a JP = 0− state, we expect χ to have a sin2 χ507

distribution, while χ should be uniform for JP = 0+.508

The signal events in the ηc resonance region are consis-509

tent with a sin2 χ distribution while the signal below the510

ηc resonance is not. For a JP = 0− state, the distribu-511

tions of cos θi are expected to have sin2 θi distributions,512

while a JP = 0+ state is expected to have uniform cos θi513

distributions. The events in the ηc resonance region are514

TABLE IV: Quality of the angular fits shown in Figure 7.
The first column is the mφφ interval for the events in the fit.
The last column is the p-value of the χ2 goodness-of-fit test
for the hypothesis indicated in the third column.

mφφ (GeV) Variable PDF χ2/Ndof χ2 prob.
[2.94, 3.02] χ sin2 χ 9.51/9 0.39
[2.94, 3.02] χ uniform 60.3/9 1.2× 10−9

< 2.85 χ sin2 χ 41.6/9 3.9× 10−6

< 2.85 χ uniform 18.5/9 0.030
[2.94, 3.02] cos θ sin2 χ 9.97/9 0.39
[2.94, 3.02] cos θ uniform 60.5/9 1.1× 10−9

< 2.85 cos θ sin2 χ 32.9/9 1.7× 10−4

< 2.85 cos θ uniform 25.8/9 2.2× 10−3

[2.94, 3.02] | cos θφφ| uniform 9.02/9 0.44
< 2.85 | cos θφφ| uniform 5.01/9 0.83

consistent with a sin2 θi distribution, while the events 515

below the ηc resonance show a deviation from a sin2 θi 516

shape. 517

Finally, a spin-zero state should have a uniform 518

| cos θφφ| distribution. The efficiency-corrected distribu- 519

tions shown in Figure 7, both within and below the ηc 520

resonance region, are consistent with a uniform | cos θφφ| 521

distribution. 522

VI. SUMMARY AND CONCLUSIONS 523

We have measured the branching fractions and charge 524

asymmetries of B → φφK decays below the ηc resonance 525

in the φφ invariant mass (mφφ < 2.85 GeV). We observe 526

both B+ → φφK+ and B0 → φφK0
S , each with a sig- 527

nificance of greater than five standard deviations. The 528

B0 → φφK0
S decay has not been observed previously. 529

Our branching fraction measurements are higher than 530

the theoretical predictions of [21] and [22]. 531

We have measured the charge asymmetry for B+ → 532

φφK+ in the ηc resonance region, where a significant 533

non-zero value would be an unambiguous indication of 534

new physics. Our measurement is consistent with zero, 535

which is the expectation of the Standard Model. 536

Finally, we have studied the angular distributions of 537

B+ → φφK+ decays below and within the ηc resonance. 538

We conclude from these studies that the non-resonant 539

B+ → φφK+ events below the ηc resonance are, on aver- 540

age, more consistent with JP = 0+ than JP = 0−, while 541

the distributions within the ηc resonance region are all 542

consistent with JP = 0−. 543
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Summary

• Very rich program in hadronic charmless B decays.
• More physics still to come after shutdowns of B factories.
• Inclusive B→K±,0, π± beyond charm threshold: 
‣ Consistent with the SM, rule out large NP contribution to b→sg*.

• Observation of B+→ρ0K*+ and                         decays and 
measurement of their polarizations:
‣ more pieces towards understanding B→VV polarization puzzle.

• BF, ACP, and angular analysis of B→ϕϕK:
‣ Clear signal, but ACP consistent with zero. No large NP in the penguin.

22

B0 → K∗0K∗0


