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  General introduction 

  
          β from b→qqs 

!   Time dependent B0 →KSKSKS 
! Dalitz plot analysis of B0 →K+K-KS 

           β from b→ccd 
!   Partially reconstructed B0 →D*+D*- 

  Comparison to β 
from b→ccs 

(e.g. B0 →J/ψ KS) 

Other contributions 
from penguin 
processes may 
result in differences 
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General introduction 
 

!   The BaBar detector and dataset 
!   Common analysis techniques 
!   Time dependent analysis and flavor tagging 
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The BaBar detector and dataset 

e- (9 GeV)!

e+ (3GeV)!

Magnet 1.5T 

Electromagnetic calorimeter (EMC) 

Detector of  
Cherenkov light 

Drift Chamber 

Silicon Vertex Tracker 

Instrumented 
flux return 
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PEP-II: asymmetric 
beams at Υ(4S) threshold 

BaBar in operation: 1999–2008 
 

All analyses presented use the 
full BaBar Υ(4S) dataset: 
à 432 fb-1 at the Υ(4S) 
à 467M BB pairs 



Common analysis techniques 
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Kinematics of fully reconstructed B Background characterization: 
 à Mainly continuum: e+e-→qq (q = u,d,s,c). 
Suppression by multi-variable classifiers based 
on event-shape variables: 
Fisher discriminant, Neural Networks (NN)… 
 
 
 
 
 
 
 
 à Background from B decays: classified by 
kinematic and topological properties 

Good charged 
particle ID (in 
particular K/π) 
up to few GeV/c 

Variables are often combined to a likelihood function, used in a maximum likelihood 
fit for signal/background separation and to measure parameters of interest 



/rec tagt t t z cβγΔ ≡ − ≈ Δ

 B-Flavor tagging 

Exclusive  
B meson 
reconstruction 

Coherent BB 
production 

Time dependent measurements, flavor tagging 
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BB Almost at rest in the center of mass 
Boosted in the laboratory  

βγ ~ 0.56 	


Δt ~ τB ≈ 1.5ps ⇔ Δz ~ 250µm 
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charge of leptons, K, π 



CKM angle β 
Time dependent CP asymmetry in b→ccs   

!   With the “Golden 
Mode”   (B0 → J/ψ K0

S): 
 “Golden” because there is 
~only one decay amplitude 

  
ACP (Δt) =

Γ[B0 → J /ψKS ](Δt) −  Γ[B0 → J /ψKS ](Δt)
Γ[B0 → J /ψKS ](Δt) +  Γ[B0 → J /ψKS ](Δt)

= sin(2β) ⋅sin(Δmdt)

BABAR 

)cos()sin( tmCtmS dd Δ−Δ

⇒ Extraction of sin2β  from Acp 

BaBar, (PRD 79, 072009 (2009) ) 
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indirect direct 

η β
=

= −

0

sin2
f

f CP

C

S

Direct decay 
Mixing 
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β from b→qqs 
 
 

!   Time dependent CP asymmetry in B0 → KSKSKS 
 arXiv:1111.3636 [hep-ex], Phys.Rev.D85:054023 (2012) 
 (in the same paper: amplitude analysis) 

 
 

!   CP violation in amplitude analysis of B0 → K+K-KS
 

 arXiv:1201.5897 [hep-ex], Phys.Rev.D85:112010 (2012) 
 (in the same paper: B+ → K+K-K+ and B+ → KSKSK+ ) 
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sin2β from bàs penguins 
!   Within the standard model (SM): 

  Sccs = Sqqs + ΔSSM = -ηCP sin2β  
  Cccs ≈ Cqqs = 0 
 (dominant phase is the same as in bàccs) 

 
!   New physics in the loop may cause deviation 

in the values of S and C. 

!   Definitions: 
  ΔS = Sccs - Sqqs 
  sin2β eff  = -ηCP Sqqs

 

 

New Physics 
contribution 

g 

s b b s 

~ 

~ ~ 

( )LRd
23δ

Standard 
Model 

contribution 
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Precise predictions allow for 
powerful tests of the SM 

Theoretical prediction for ΔSSM 

b s 
q 
q 



sin2β from bàs penguins 
!   Within the standard model (SM): 

  Sccs = Sqqs + ΔSSM = -ηCP sin2β  
  Cccs ≈ Cqqs = 0 
 (dominant phase is the same as in bàccs) 

 
!   New physics in the loop may cause deviation 

in the values of S and C. 

!   Definitions: 
  ΔS = Sccs - Sqqs 
  sin2β eff  = -ηCP Sqqs

 

 

New Physics 
contribution 
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( )LRd
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Standard 
Model 

contribution 
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Tensions between sin2β from 
bàccs and bàqqs (ΔS < 0) 

q 

In 2004: 

q 
b s 

s 

s q 
q 



sin2β from bàs penguins 

!   Fresh sin2β  world averages (HFAG): 
  b→ccs:  0.68 ± 0.02 
  b→qqs:  0.64 ± 0.04 (naïve!) 

!   Improvements: 
!   hints of trends/deviations in previous 

measurements clarified by B factories 
!   several results from (Time Dependent) 

Dalitz Plot analyses 
!   Still… minor tension persists 

  

The situation today is quite different 

Results presented here 
marked with  
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b→ccs 

B→qqs 



B0 → KSKSKS 
overview and motivations 

!   Small theoretical uncertainty ⇒ Comparison with b→ccs is more meaningful 
!   Low background level (difficult to “imitate” 3 K0

S) 

 
!   Maximum likelihood fit, using: 
     mES, ΔE, Neural network and Δt 
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CP=+1 eigenstate ⇒ possible 

Inclusive time dependent analysis 
to extract CP asymmetries S and C 

B0→3K0
S(π+π-) 

B0→2K0
S(π+π-) K0

S(π0π0) 

B0 → KSKSKS 
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KS is long lived ⇔ no tracks 
emerge from the B decay vertex 

 
 
 
 



Results 

First evidence of CPV (at 3.8σ) 
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16
15
13
12

201

62

±

±

0.24
0.210.94 (stat.) 0.06 (syst.)

0.17 0.18 (stat.) 0.04 (syst.)
S
C
= − ± ±
= − ± ±

  Signal yields: 
 

                     B0→3K0
S(π+π-)   (Purity = 40%) 

 

                     B0→2K0
S(π+π-) K0

S(π0π0) 
2 2 1S C+ =

physical boundary 

b→ccs Confidence level contours (C, S) 

B0 → KSKSKS 

S
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C
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no CPV 

B→ccs 

physical boundary 
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B0 → K+K-KS 
overview and motivations 

!   Time dependent analysis to measure the effective β 
 à includes ϕKS (small theoretical uncertainty) 

  à not a CP eigenstate! CP content depends on the intermediate state 
 

! Dalitz-plot (DP) analysis to separate intermediate (resonant) CP eigenstates 

!   DP structure of B+→K+K-K+ and B+→KSKSK+ used for B0→K+K-KS 

 à Large sample (5269±84 signal events, purity = 43%) 
 à 2 KS in the final state: helpful to study the nature of broad fX(1500) 

     (For details on B+→K+K-K+ and B+→KSKSK+: Eugenia Puccio, WG V, Sunday morning) 

!   Direct access to phases: no trigonometric ambiguities (next slide…) 

!   Reconstruction of both KS→π+π- and KS→π0π0 
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B0 → K+K-KS 



Dalitz plot and the isobar model 
!   Each intermediate resonance in P à 1 2 3 

 appears as a structure in the DP according to its 
 mass, width and spin 

 

!   Parameterization of intermediate state amplitudes: 
      A ~ Σ ci F(m2

13,m2
23)        B decays 

 A ~ Σ ci F(m2
13,m2

23)        B decays 
 
complex        e.g. Breit-Wigner 

 
 
 

Directly extracted parameters: isobar amplitudes ci 
Other parameters (S, C, ACP, phases, Branching 
Fractions) are computed from them 

15 

m2
13 

m2
23 

spin=0 
spin=1 
spin=2 

 

3

13 23
d pdm dm
E

∝

“Cartoon” DP 

Superimposed resonant 
contributions 
à  Interference 
à  access to phases 

 with no ambiguity such as 
 sin2β eff = sin(180° - 2β eff)  
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B0 → K+K-KS 



Determining the signal model 
!   Prior to fitting CPV parameters, the nominal DP models are established 
     à CPV parameters set to the SM ones 
     à Legendre polynomial moments vs invariant masses, used to compare data and fit 
 
 

!   K+K-K+: ϕ(1020), f0(980), f0(1500), f2′(1525), f0(1710), χc0, poly. NR 
!   KSKSK+: , f0(980), f0(1500), f2′(1525), f0(1710), χc0, poly. NR 
 

           In the 3 modes: no need for the fX(1500)  
           good description with f0(1500), f2′(1525), f0(1710)) 
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ϕ, f0(980), f0(1500), f2′(1525), 
f0(1710), χc0, poly NR (S+P) 
ϕ, f0(980), fX(1500), f0(1710), 
χc0, exp NR 
 

Best 
fits 

f0(980), f0(1500), f2′(1525), 
f0(1710), χc0, poly NR (S) 
f0(980), fX(1500), f0(1710), 
χc0, poly NR (S) 

K+K-K+ KSKSK+ 

B0 → K+K-KS 



Results 
 

Nsig = 1579±46 (Purity = 18%) 
BF = (25.4±0.9±0.8)×10-6  [χc0K excluded] 
 

βeff(ϕKS) = (21±6±2)° ← most precise 
 

βeff(f0KS) = (18±6±4)° 
βeff(non-ϕ, non-f0) = (20.3±4.3±1.2)° 
     90°-βeff excluded at 4.8σ (ambiguity in J/ψKS) 
Four local minima within 9 units of -2lnL (mostly degenerate in β) 
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ϕKS (non-ϕ)KS 

Agree 
with SM 

different 
CP 

content 

B0 → K+K-KS 
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β from b→ccd 
 
 

!   Time dependent CP asymmetry of partially reconstructed  
B0 → D*+D*- decays 

 arXiv:1208.1282 [hep-ex] 
 (Submitted to Phys.Rev.D) 
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sin2β from B0 → D*+D*- decays  
!   In such b→ccd transitions, 
     TD asymmetry is a measure 
     of Sη≅ η sin(2β), provided that 
     contribution from penguins 
     can be neglected. 

!   VV final state à admixture of CP=+1 and CP=-1 amplitudes. 

!   Theoretical calculations based on factorization and heavy quark symmetry:  
in the SM penguin contributions lead to corrections of ~few % to the 
determination of sin2β from the TD CPV asymmetry 

!   Large deviation in Sη with respect to that measured in b→ccs transitions 
could be an indication of physics beyond the SM 
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B0 → D*+D*-
 



Analysis strategy 
partial reconstruction 

!   Angular analysis needed to separate CP eigenstates 
     (possible with fully reconstructed events). 
! BaBar and Belle full reconstruction analyses measured the CP even component 

CP parameters S+ and C+, and the fraction R⊥ of CP-odd amplitude:  
     R⊥=0.158±0.028±0.006 

!   In a partial reconstruction analysis, we measure average S and C parameters 
which are related to C+ and S+ by the relations C=C+ and S=S+(1-2R⊥) 

! Pros: gain in statistics (with an almost independent sample) 
     Cons: Higher background, larger systematic uncertainty 
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B0 → D*+D*-
 

à One fully reconstruct one D* 
à Match reconstructed D* with a slow 

pion of opposite sign 
à Powerful discriminating variable:  
         recoiling D0 mass mrec 
à Another useful extracted information: 
         missing D0 direction 



Analysis strategy 
Variables and maximum likelihood fit 

!   Recoil mass mrec : 
     à Signal peaks at D0 mass 
!   Other fit variables: Fisher discriminant, Δt 

!   Additional dilution due to tagging tracks 
from unreconstructed D0. 

!   Separate fits to two categories: Lepton or K 
!   Three stages in fit: 

!   Kinematic fit (variable shapes, signal 
fraction) 

!   Determining the mistag probabilities; 
determining the additional dilution 
(unreconstructed D0) from data. 

!   Time dependent fit, to extract the CP 
parameters S and C 
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B0 → D*+D*-
 

MC events 



Results 
Kaon tags 
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B0 → D*+D*-
 

Kinematic fit Time dependent fit 

Δt (ps) 

Δt (ps) 



Results 
Lepton tags 
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B0 → D*+D*-
 

Kinematic fit Time dependent fit 

Δt (ps) 

Δt (ps) 



Results 
Combination of kaon and lepton tags 

Eli Ben-Haim                                                 CKM Workshop, September 29th 2012 24 

B0 → D*+D*-
 

Inclusive combination (preliminary): 
 
 
Assuming negligible penguin 
contributions: 
   S+ = -S- ; C = C+ 

   S = S+ (1 − 2R⊥) , 
then using[1]  R⊥ = 0.158 ± 0.02 

C+ = +0.15 ± 0.09 ± 0.04 
S+ =  -0.49 ± 0.18 ± 0.07 ± 0.04 
 stat.         syst.         R⊥  

The result is compatible with the latest (fully 
reconstructed) from BaBar[1] and Belle[2], and 

in agreement with SM predictions [1] B. Aubert et al. (BABAR collaboration), Phys. Rev. D79, 032002 (2009) ; 
[2] B. Vervink et al. (Belle collaboration), Phys. Rev. D80, 111104 (2009).; 
Belle Collab. EPS 2011 Preliminary Improves previous BaBar errors by ~20% 

prelim
inary 



Summary and Conclusions 
! BaBar continues to produce physics 

results, adding more information and 
using more sophisticated analysis 
techniques to improve the precision of 
measurements in hadronic B decays 

!   All measurements of β presented here, 
in b→qqs and b→ccd processes, agree 
with β in b→ccs processes (standard 
model prediction) 

 

!   Larger samples are needed to push 
further the comparisons with b→ccs, 
and  tell whether or not there could be  
indications for new physics… 
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  contribution from analyses shown here 
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Backup 
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More on B-Factories 
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•  Data taking periods over for the B-Factories 

    In April 2008 for BABAR 

    In June 2010 for Belle 
 

•  Outstanding luminosity records 

   BABAR: 433 fb-1 @ Y(4S) + ~54 fb-1 40 MeV below 

   Belle:     711 fb-1                   ~100 fb-1 

Together:  
> 1.2x109 BB 



TD analysis - Backgrounds and Yields 
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B0 → K0
S K0

S K0
S 
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TD analysis 
B decay vertex and K0

S reconstruction 
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B0 → K0
S K0

S K0
S 
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TD analysis 
B decay vertex, K0

S reconstruction, ∆t measurement  
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B0 → K0
S K0

S K0
S 
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TD analysis: systematic uncertainties  

31 

B0 → K0
S K0

S K0
S 
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Results of the amplitude analysis 
Fit Fraction (FF) 

! 

Huge 
destructive 
interference 

mins

maxs

f0(1710) 

f2(2010) 

χc0  

5 (+inclusive) Branching fractions (B) 

Consistent with other measurements  
32 

1.2
1.16.2±

PDG: 

B0 → KSKSKS 
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Likelihood scans 
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B0 → K0
S K0

S K0
S 
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Signal model 
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Other B → 3K modes 



Interference fit fractions 
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Other B → 3K modes 



Interference fit fractions 
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Other B → 3K modes 



More results 
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Other B → 3K modes 



Likelihood scans 
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Other B → 3K modes 

B → K+K-KS  



Results (B+ →K+K-K+ ; KSKSK+) 
 

    Nsig = 5269±84 (Purity = 43%)        ACP(inclusive) = (-1.7+1.9
-1.4±1.4)% 

 

    BF = (33.4±0.5±0.9)×10-6 [χc0K excluded]      ACP(ϕK) = (12.8±4.4±1.3)% 

                 (2.8σ from 0, SM: ~ 0 - 4.7%) 
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Other B → 3K modes 
K+ K

- K
+  

K SK
SK

+  

   Nsig = 632±28 (Purity = 20%)       ACP = (4±5±2)% 
   BF = (10.1±0.5±0.3)×10-6  [χc0K excluded] 

“sPlot” in the 
ϕ region 

Beneke, Neubert, Nucl.Phys B675,333 (QCDF) ; Li, Mishima, PRD 74, 094020 (pQCD) 



Results (B0 → KSKSK+) 
 

     Nsig = 632±28 (Purity = 20%) 
     BF = (10.1±0.5±0.3)×10-6  [χc0K excluded] 
      
     ACP = (4±5±2)% 
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Other B → 3K modes 



Systematic uncertainties 
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Other B → 3K modes 



Systematic uncertainties 
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Other B → 3K modes 



Full TD amplitude and R⊥   
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B0 → D*+D*-
 

CP = +1 for A|| , A0 
CP = -1  for A⊥ 



PDFs 
!   Overall PDF for the on-Peak sample is the sum of three components 

 
 
!   Each component is the product of a kinematical and a Δt part 

 
!   Δt PDF:  
 
!   Signal Δt: 
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B0 → D*+D*-
 



Mis-tag due to unreconstructed D0 tracks 
!   Partial reconstruction introduces an 

additional dilution D = (1-α), where α is the 
fraction of tags coming from the missing D0 

!   This fraction can be obtained from data with 
some input from signal MC 

!   Can be reduced with a cut on the cosine of 
the opening angle between the tagging track 
and the missing D0 direction θtag 
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B0 → D*+D*-
 

Data driven extraction: 
α = 0.12 ±0.04 (K tag) 
α = 0.00 ±0.02 (l tag) 



Event yields 
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B0 → D*+D*-
 



Systematic uncertainties 
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B0 → D*+D*-
 


