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Introduction
Time Dependent CP Asymmetry
Technique for Time Dependent Measurements and Flavor Tagging
sin2β From bs Penguins

Will not be included in this introduction:
PEP-II, the BaBar experiment and Dataset
Definition of kinematic variables (mES and ∆E)
Event shape variables for continuum reduction

In
previous

talks(                   )
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Time Dependent CP Asymmetry
Can be used for the extraction of sin(2β); interference 
between decay and mixing

For example, in the “Golden” b→ccs mode (B0 → J/ψ K0
S):
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Time Dependent Measurements, Flavor Tagging

Ingredients:

1. We need to measure time

2. If we want to study a decay B0→f
where f is also accessible by an anti-B0 B0→f
and we want to be sensitive to Γ(B0→f)  ≠ Γ(B0→f)
we need to “tag” the B flavor

Two B mesons, almost at rest in the center of mass,
boosted in the laboratory, are produced in a coherent state
⇒ until the first B decay, there is exactly one B0 and one B0

Coherent BB
production

0 0(4S)e e B B+ − → ϒ →

βγ ~ 0.56 
∆t ~ τB ≈ 1.5ps ⇔ ∆z ~ 250µm
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/rec tagt t t z cβγ∆ ≡ − ≈ ∆

B-Flavor tagging

Exclusive 
B meson 
reconstruction

Coherent BB
production

Time Dependent Measurements, Flavor Tagging

Method:

• Boost: ∆t measured via space length measurement ∆z between Btag and Brec

• Coherent evolution:
• at  ttag the flavors of Brec and Btag are opposite
• flavor of the Btag determined by its decay product (charge of leptons, K, π)
• flavor of the Brec determined from the flavor of Btag (and ∆t)

5



sin2β From bs Penguins (I)
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Within the Standard Model (SM):
Sccs = Sqqs + ∆SSM = -ηCP sin2β
Cccs ≈ Cqqs = 0

(dominant phase is the same as in bccs)

New physics in the loop may cause deviation 
in the values of S and C.

Definitions:
∆S = Sccs - Sqqs
sin2β eff = -ηCP Sqqs
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For most of the modes, theory predicts 
ΔSSM > 0

Theoretical prediction for ΔSSM



sin2β From bs Penguins (I)
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Within the Standard Model (SM):
Sccs = Sqqs + ∆SSM = -ηCP sin2β
Cccs ≈ Cqqs = 0

(dominant phase is the same as in bccs)

New physics in the loop may cause deviation 
in the values of S and C.

Definitions:
∆S = Sccs - Sqqs
sin2β eff = -ηCP Sqqs
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Tensions between sin2β from
bccs and bqqs (ΔS < 0)

In 2004:
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sin2β From bs Penguins (II)

Fresh sin2β world averages (HFAG):
b→ccs: 0.67 ± 0.02
b→qqs: 0.62 ± 0.04 (naïve!)

Improvements:
hints of trends/deviations in previous 
measurements clarified by B factories
several results from (Time Dependent) 
Dalitz Plot analyses

Still… some tension persists because of 
the theoretical prediction ΔSSM > 0
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The situation today is quite different

In the following I will talk about 
analyses that measure S and C for 

the modes marked with 
8
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Analyses and Results
Time Dependent CP Asymmetry in B0 → ω K0

S , ηʹ K0 , π0K0
S

arXiv:0809.1174 [hep-ex], Phys.Rev.D79:052003,2009.

Time Dependent Dalitz-Plot Analysis of B0 → π+ π- K0
S

arXiv:0905.3615 [hep-ex], submitted to PRD.
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Overview
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B0 → ω K0
S , ηʹ K0

S, ηʹ K0
L ,π0K0

S

B0 → ηʹ K0
S

── total
----- backgr. 

B0 → ηʹ K0
L

── total
----- backgr.

The 4 final states are CP eigenstates
Notably Large BF for B0 → ηʹ K0

BR(ηʹ K0)=65x10-6 ~ 7 x BR(π0K0)
( “Puzzle of the B → ηʹ K branching ratio”)
 small errors on S and C
The present analysis:

uses full BaBar dataset (467M BB pairs)
 20% increase wrt. previous analysis
has an additional ηʹ  decay channel in ηʹ K0

L

decreased errors on S and C for ηʹ K0 by 20-
25%

Signal yields:

(beam constrained mass)

(energy difference btw.
beam and B0 in CM)

Mode ηʹ K0
S ηʹ K0

L ω K0
S π0K0

S

Yield 1959±58 556±38 163±18 556±32
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Results
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B0 tags

B0 tags

Asymmetry

ω K0
S ηʹK0

S ηʹK0
L π0 K0

S

sin2β eff (HFAG – FPCP 2009)
sin2β eff < sin2β for all these modes
C compatible with 0 to 1σ, except 
C(ωK0

S) = -0.52 ± 0.03
More data is needed to confirm 
possible deviations

C=-0.52 ± 0.03 C=-0.08 ± 0.06 ± 0.02 C=0.13 ± 0.13 ± 0.03

─ all
--- sig.

B0 → ω K0
S , ηʹ K0

S, ηʹ K0
L ,π0K0

S

+ 0.22
- 0.20

+ 0.22
- 0.20
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Analyses and Results
Time Dependent CP Asymmetry in B0 → ω K0

S , ηʹ K0
S , π0K0

S
arXiv:0809.1174 [hep-ex], Phys.Rev.D79:052003,2009.

Time Dependent Dalitz-Plot Analysis of B0 → π+ π- K0
S

arXiv:0905.3615 [hep-ex], submitted to PRD.
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Dalitz-Plot (DP) Analysis 
Each intermediate resonance appears as a
structure in the DP according to its mass,
width and spin
Resonance parameterization (isobar model):
A ~ Σ Ci F(m2

13,m2
23)

complex ⇙ ⇘ e.g. Breit-Wigner

DP and ∆t model:

Superimposed resonant contributions  interference
 access to phases with no sin2β eff = sin(180° - 2β eff) ambiguity!
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B0 → π+ π- K0
S
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Directly extracted parameters: isobar amplitudes Ci
Other parameters (S, C, ACP, phases, Branching Fractions) are computed from them

( ) ( )
( ) ( )

0

2 2
2/ 213 23

1 2

22 *

3 3

, , ,

cos( ) 2 Im sin2 ( )

B
ttag

i
tag d tag d

d m m t q
e

d t dm dm

q m t q e

A A

A A A mA t

τ

β

− ∆

− ⋅

Γ ∆ ∝ × +∆

− − ∆ ∆ + ∆ ∆ 
~ C

13

3

13 23
d pdm dm
E

∝

“Cartoon” DP



Dalitz-Plot Signal Model
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f0 ( π+π-)K0
S

ρ0 ( π+π-)K0
S

K*-(1430)( K0
Sπ-)π+

K*-(892)( K0
Sπ-)π+

In Practice, we use a “square DP”:
a transformation (m13, m23)  (mʹ, θʹ)

Signal components:
B0 → ρ0(770) K0

S 

B0 → f0(980) K0
S

B0 → fX(1300) K0
S

B0 → f2(1270) K0
S

B0 → χc0 K 0
S

B0 → K*(892) π
B0 → Kπ S-wave
Non-resonant

 8x2–1=15 complex isobar amplitudes 
Same signal model as in BaBar
B+→K+ pi-pi + analysis
The interference is visible

B0 plane

B0 plane

B0 → π+ π- K0
S

π+ π-

resonances

K π
resonances
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Motivations
From what we have already seen…

The signal contains ρ0(770) K0
S and f0(980) K0

S intermediate resonant 
states (b → qqs modes) ⇒ measurement of β eff

Time dependent DP ⇒ no sin2β eff = sin(180° - 2β eff) ambiguity on phases
Rich resonance structure ⇒ access to many observables!

Furthermore…

Access CKM angle γ from phases related to the K*π intermediate states
in  B0→K+π–π0 and B0→KSπ+π–

Ciuchini, Pierini & Silvestrini [PRD74:051301 2006]
Gronau, Pirjol, Soni & Zupan [PRD75:014002 2007]
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B0 → π+ π- K0
S

15



Results: goodness of fit – distributions of mππ
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B0 → π+ π- K0
S

Invariant mass of the two pions (mππ) for all the events
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Results: goodness of fit – distributions of mππ
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B0 → π+ π- K0
S

J/ψ(→ µ+µ-)K0
S 

band

17

µ misidentified 
as π



Results: goodness of fit – distributions of mππ
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B0 → π+ π- K0
S

J/ψ K0
S bandψ(2S) (→ µ+µ-) K0

S
band

18

µ misidentified 
as π



Results: goodness of fit – distributions of mππ

Eli Ben-Haim                                                  EPS HEP 2009, July 16th 2009

B0 → π+ π- K0
S

Small mass region
Signal enriched 

ρ0(770) K0
S

f0(980) K0
S
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Results: goodness of fit – distributions of mππ
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B0 → π+ π- K0
S

Small mass region
Signal enriched f2(1270) K0

S
fX(1300) K0

S
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Results: goodness of fit – distributions of mKπ
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B0 → π+ π- K0
S

D(→ K0
S π) π band

Invariant mass of the K and π system (mKπ) for all the events
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Results: goodness of fit – distributions of mKπ
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B0 → π+ π- K0
S

Small mass region
Signal enriched 

K*(892) π
K*(1430) π

helicity > 0

22

π+

(bachelor)

π-
KS

0

θ

helicity = cosθ



Results: goodness of fit – distributions of mKπ
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B0 → π+ π- K0
S

Small mass region
Signal enriched 

K*(892) π
K*(1430) π

helicity > 0

23

π+

(bachelor)

π-
KS

0

θ

helicity = cosθ

K*(892) π
K*(1430) π

helicity < 0 interference
Constructive

Destructive

π+
π-

KS
0θ



Results: ∆t and asymmetry for f0(980) K0
S
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B0 → π+ π- K0
S

f0(980)K0
S region

B0 tagged 
events

B0 tagged 
events

Asymmetry

24

ρ0(770)K0
S regionSignal enriched sample



f0(980) K0
S

Results: CP parameters - C and βeff

Projections of the likelihood function (including systematic 
uncertainties) on the C - βeff plan for f0(980) K0

S and ρ0(770) K0
S.

Contours represent the 1 to 5σ (Gaussian standard deviations) regions
We have two solutions, almost degenerate in likelihood. 
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B0 → π+ π- K0
S

CP conservation (   )excluded at 3.5σ
Agreement with b → ccs value [β,0] 

(   ) at 1.1σ

Agrees both with CP conservation (   ) 
and with b → ccs value [β,0] (   )
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ρ0(770) K0
S

18° < βeff [f0(980) K0
S] < 76° (95% CL) -9° < βeff [ρ0(770) K0

S] < 57° (95% CL)



Results: information for the extraction of γ
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B0 → π+ π- K0
S

1σ

2σ 2σ

1σ

CPS [PRD74:051301] and GPSZ [PRD75:014002] use the phase differences:

and                              to extract information about the CKM angle γ
(together with information from K*+ / K*0 from K+ π- π0)
The likelihood projection (including systematic uncertainties) on these parameters:

The constraint obtained here is statistically limited

We also measure: 

26

e.g.   -137° < ∆φ [K*(892) π] < -5° excluded at 95% CL

ACP[K*(892) π] = −0.21 ± 0.10 ± 0.01 ± 0.02 ; ACP[(Kπ)S-wave π] = 0.09 ± 0.07 ± 0.02 ± 0.02

* *(892)
*

(892)
( ) ar(8 g( ) arg(9 )2)

K K
K C C

π π
π + − − +∆Φ ≡ −

S-wave(( ))Kπ π∆Φ



Only from the present analysis

Results: summary and perspectives

Using 383M BB decays we measured
15 relative isobar magnitudes & phases
⇒ 9 Branching Ratios
⇒ 9 CP Asymmetries
⇒ S and C for 5 modes

A joint/combined Dalitz plot analysis
with the Belle and BaBar likelihood
functions is planned for this channel,
using the full datasets. The joint
analysis, apart from getting the best
from the B-factory data might help to
solve the multiple solution problem and
provide more information about the fX
resonance. We plan to perform as a first
step a common fit of the B+K+ pi-pi+
channel that provides information about
the signal model for the present one.
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B0 → π+ π- K0
S

27



Summary and Conclusions
BaBar is adding more information on
sin2β and using more sophisticated
analysis techniques to improve the
precision of measurement in hadronic
penguin modes
Measurements of decay amplitudes in DP
analyses can be used to set non-trivial
constraints on the CKM parameters (ρ ̅, η ̅)

Overall, we observe an agreement between
sin2β (eff) in b→ccs and b→qqs
Most of the b → s penguins still have
sin2β eff < sin2β
The actual statistics is not sufficient to tell
whether or not this could be an indication
for new physics.
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This plot does not show
all the measurements

presented here, but is included for
illustration of the general situation

!



Eli Ben-Haim                                                  EPS HEP 2009, July 16th 2009

Backup

29
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The BaBar Detector

e-

e+

Magnet 1.5T

Electromagnetic calorimeter (EMC)

Detector of
Cherenkov light (DIRC)

Drift Chamber (DCH)

Silicon Vertex Tracker (SVT)

Intrumented flux 
return (IFR) Identification of charged particles

Separation K/π>2.5σ up to 4 GeV/c

Detection of γ, e- identification
Reconstruction of π0→γγ, Energy measurement

Reconstruction of decay vertex
and tracks close to the IP

Identification of µ+/-

Reconstruction of deviated 
charged particles tracks: 
momentum and angles
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Quick Reminder of Basics

CP Violation is possible in the Standard Model only if 
VCKM is complex  η ≠ 0  Unitarity Triangle is not flat

We want to determine ρ and η experimentally

VCKM Unitarity ⇒

∝λ3 ∝λ3 ∝λ3

In other unitarity conditions (triangles) 
sides are very different.
Second and third columns: flat triangle for BS
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Systematic Uncertainties
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B0 → ω K0
S , ηʹ K0

S, ηʹ K0
L ,π0K0

S



Dataset and Square DP
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Total: 22525 candidates
Yields
Signal: 2182±64
Continuum : 14240±126
D pi: 3361 ± 60
J/psi Ks1804 ± 44

B0 → π+ π- K0
S



The Likelihood function
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Fit variables

B0 → π+ π- K0
S



Extracted Isobar Parameters
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B0 → π+ π- K0
S



Definition of Physical Parameters
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BF(k)=

B0 → π+ π- K0
S



Physical Parameters (I)
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B0 → π+ π- K0
S



Physical Parameters (II)
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B0 → π+ π- K0
S



More Likelihood Projection Plots

Eli Ben-Haim                                                  EPS HEP 2009, July 16th 2009 39

B0 → π+ π- K0
S



Branching Fractions
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B0 → π+ π- K0
S



Systematic Uncertainties
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B0 → π+ π- K0
S



Extraction of CKM Angle γ
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No other hypothesis 
than Isospin is used



Extraction of CKM Angle γ
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