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••  Branching Ratios: DBranching Ratios: D00    ππ--ππ++ππ00, , KK--KK++ππ00

••  Dalitz Dalitz plot analysis: Dplot analysis: D00    KK--KK++ππ00

••  DP of DDP of D00    ππ--ππ++ππ00 & measurement of & measurement of

      γγ using the decay B using the decay B±±   D Dππ--ππ++ππ00
  KK±±

•• Search for CP violation at the 1% level Search for CP violation at the 1% level

      in Din D00    ππ--ππ++ππ00, , KK--KK++ππ00

Phys. Rev. D 76, 011102Phys. Rev. D 76, 011102   (R) (2007) (R) (2007)

Phys. Rev. Lett. 99, 251801 (2007)Phys. Rev. Lett. 99, 251801 (2007)

PreliminaryPreliminary

Phys. Rev. D 74, 091102  (R) (2006)Phys. Rev. D 74, 091102  (R) (2006)

arXivarXiv:0711.1544 (2007):0711.1544 (2007)

Also, for angular moments analysis of the above Also, for angular moments analysis of the above Dalitz Dalitz plots:plots:
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D0 Decays & Extraction of CP Violation Parameters

                                                                                                                                                                                                                                                                                                                                                                                        



Kalanand MishraKalanand MishraUniv. Cincinnati, January 22, 2008Univ. Cincinnati, January 22, 2008 22/32/32

BaBarBaBar: B and charm Factory: B and charm Factory

Cherenkov Detector
     144 quartz bars
    K, π, p separation

Electromagnetic Calorimeter
6580 CsI crystals

e+ ID, π0 and γ reco

Drift Chamber
40 layers

tracking + dE/dx

Instrumented Flux
Return

  12-18 layers of RPC/LST
μ ID

Silicon Vertex Tracker
5 layers (double-sided Si sensors)
vertexing + tracking (+ dE/dx)

e+ [3.1 GeV]

e- [9 GeV]

1.5T Magnet
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KK--ππ++ππ00

ππ--ππ++ππ00 KK--KK++ππ00

signal yield
60426 ± 343

signal yield
10773 ± 122

 signal yield
 505660 ± 750
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DD00→→KKss
00ππ00

(~0.5 %(~0.5 %
of total)of total)

Use the CF decay
D0→K-π+π0 as
reference.

Data = 232 fb-1

D0
π+

soft

π0

γ

γ

XDee +!
+"+ *

DD00 decay reconstruction decay reconstruction

K+/π+
K-/π-

 PCM ( D0 ) > 2.77 GeV/c
 |mD* - m D0 - 145.5| <
0.6 MeV/c2

The charge of the πsoft
determines D0 or D0.

__

Precise BR Measurement of DPrecise BR Measurement of D00→→ππ--ππ++ππ00, K, K--KK++ππ00



Kalanand MishraKalanand MishraUniv. Cincinnati, January 22, 2008Univ. Cincinnati, January 22, 2008 44/32/32

Background Events in SimulationBackground Events in Simulation

ππ--ππ++ππ00

signal

Combinatorial
Background

K-π+π0 
reflection

K-π+π0 
reflection

KK--KK++ππ00

signal

±3±3 RMS RMS

• K- π+π0 reflection events peak in the sidebands of π-π+π0, K-K+π0.
• We take the shape of the reflection events from simulation and their
numbers from data.

±3±3 RMS RMS

Combinatorial
Background

Note Log Note Log y-scaley-scale..

Phys. Rev. D 74,Phys. Rev. D 74,    091102091102  (R) (2006)(R) (2006)
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 Signal Reconstruction Signal Reconstruction  EfficiencyEfficiency

ππ--ππ++ππ00

~ 0.5 % bkg

~ 3 % bkg

~ 4 % bkg

KK--ππ++ππ00

KK--KK++ππ00

Reco. Efficiency (%) from simulation Dalitz plot of events in data
mm

22
  (

h(h
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[G
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mm22(h(h--ππ00)  [GeV/c)  [GeV/c22]]22

Avg EffAvg Eff
~10%~10%

Avg EffAvg Eff
~11%~11%

Avg EffAvg Eff
      ~8%~8%
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  Results on Results on B.R.B.R.

2.37 ± 0.03 ± 0.04B(K−Κ+ π0 )/B(K−π+ π0)

10.59 ± 0.06 ± 0.13B(π−π+π0 )/B(K−π+ π0)

Our Results(%)D0 decay mode

 0.95 ± 0.26

 8.40 ± 3.11

PDG-2006 (%)

Decay rate  Γ  =  < |M|2 > . Φ
M = decay matrix element, Φ =  phase space

Roughly consistent withRoughly consistent with
naïve expectations,naïve expectations,
i.e., sini.e., sin22θθcc = 0.05 = 0.05

Very different from Very different from naïve expectationsnaïve expectations..

( Naïve expectation = 1.0 )( Naïve expectation = 1.0 )

For 3-body decays:For 3-body decays:  area of the area of the Dalitz Dalitz plotplot
For 2-body decays:For 2-body decays:  momentum of eithermomentum of either
daughter indaughter in  DD00 rest frame. rest frame.

==

|M|2(π−π+π0) / |M|2(K−π+π0) = 0.0668 ± 0.0004 ± 0.0008
|M|2(Κ−Κ+π0) / |M|2(K−π+π0) = 0.0453 ± 0.0006 ± 0.0008

|M|2(Κ−Κ+π0) / |M|2(π−π+π0) = 0.678 ± 0.014 ± 0.021

|M|2(π−π+ ) /  |M|2(K−π+ ) =  0.034 ± 0.001
|M|2(Κ−Κ+  ) /  |M|2(K−π+ ) =   0.111 ± 0.002

|M|2(Κ−Κ+) /  |M|2(π−π+ )  = 3.53 ± 0.12

Using branching ratioUsing branching ratio  values from above table:values from above table:

Using 2-bodyUsing 2-body  B.R. values from PDG:B.R. values from PDG:

Phys. Rev. D 74,Phys. Rev. D 74,    091102091102  (R) (2006)(R) (2006)

> 5> 5σσ difference with PDG-06. difference with PDG-06.
ExcellentExcellent  PID has greatlyPID has greatly
improved our sensitivity.improved our sensitivity.



Kalanand MishraKalanand MishraUniv. Cincinnati, January 22, 2008Univ. Cincinnati, January 22, 2008 77/32/32

DD00→→KK––KK++ππ0 0 Dalitz Dalitz Plot AnalysisPlot Analysis

--    Nature of KNature of Kππ S-wave S-wave
below 1.4 below 1.4 GeVGeV..
--    Is there a charged Is there a charged κκ state? state?
- Nature of f- Nature of f00/a/a00 (980): KK (980): KK
S-wave.S-wave.

MotivationMotivationInterference among three types of singly
Cabibbo-suppressed amplitudes

(I)(I) (II)(II)

(III)(III)

Color-suppressedColor-suppressed D0
π+

soft

π0

γ

γ

K-

K+ 

XDee +!
+"+ *

DD00 decay reconstruction decay reconstruction

——
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Dalitz Dalitz Plot for DPlot for D00→→KK--KK++ππ00

Events used
for bg shape

±1σ region:
≈ 11 k events,
purity ≈ 98 %

K*K*--

K*K*++

φφ  (1020)(1020)

mm
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(K(K
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mm22(K(K--ππ00) (GeV) (GeV22/c/c44))

  

385 fb-1

Approx. isolatedApprox. isolated

can attemptcan attempt
      model     model indind..
                  analysis.analysis.

KK--KK++ c channel;hannel;

      K*(892)+ K*(892)- φ(1020)

Use isobarUse isobar
model tomodel to
fit thefit the
Dalitz Dalitz plotplot
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 Fit Results for  Fit Results for DD00→→KK--KK++ππ0 0 Dalitz Dalitz PlotPlot

KK*+*+  : 45 %: 45 %
KK*-*-    : 16 %: 16 %
φφ        : 19 %: 19 %
ff00/a/a00: 7-10%: 7-10%

Ambiguity between aAmbiguity between a
large Klarge K++ππ00 S-wave S-wave & &
K*(1410),fK*(1410),f22’’(1525)(1525)..

χχ2 2 Prob Prob = 62 %= 62 % χχ2 2 Prob Prob ==  48 %48 %

rD = 0.599 ± 0.013 (stat) ± 0.011 (syst)
δD = -35.5° (stat) ± 1.9° ± 2.2° (syst)

0.52 ± 0.05 (stat) ± 0.04 (syst)
-28° ± 8° (stat) ± 11°(syst)

BaBarBaBar CLEOCLEO

 Strong-phase Difference & Amplitude Ratio Strong-phase Difference & Amplitude Ratio
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 Analysis of Angular Moments Analysis of Angular Moments

Large interference between S  andLarge interference between S  and    PP  waves.waves.

Higher moments above 1.1 Higher moments above 1.1 GeV GeV are coming from cross channels.are coming from cross channels.

Each eventEach event  is weighted by the spherical harmonicis weighted by the spherical harmonic

 functions  functions                                                                           ((ll=0=0,1,2,,1,2,……..)...).

Excellent agreement between data & models.
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For S- and P- waves only, in the absence of cross-feeds from other

channels, the amplitudes and the relative phase are given by:

0.6 0.6       0.8  0.8      11       1.2 1.2        1.41.4 0.6 0.6       0.8  0.8      11       1.2 1.2        1.41.4     1             1                             1.51.5
  

    1             1                         1.51.5

mm22(K(K++ππ00) (GeV) (GeV22/c/c44)) mm22(K(K--KK++) (GeV) (GeV22/c/c44))mm22(K(K++ππ00) (GeV) (GeV22/c/c44))
mm22(K(K--KK++) (GeV) (GeV22/c/c44))

We solve these equations for the KWe solve these equations for the K--KK++ system in a limited system in a limited
mass range (where the above conditions are satisfied) tomass range (where the above conditions are satisfied) to
extract |S|, |P|, and extract |S|, |P|, and cos cos φφSPSP..
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 Partial Wave Analysis in K Partial Wave Analysis in K--KK++ channel channel

ff00(980)(980)
S-S-wavewave    as in Das in D00→→KK--KK++KK00..

Solve these equations toSolve these equations to
extract |S|, |P|, and extract |S|, |P|, and cos cos θθSPSP..

Because of the interference from
the crossing Kπ channels, the
model independent partial-wave
analysis performed here seems
valid only up to about 1.02 -1.03
GeV/c2.

    

  

    
aa00(980)(980)

DataData
DataData

φφ  (1020)(1020)

Breit-WignerBreit-Wigner
phase for P-wave,phase for P-wave,
φφ(1020)(1020)

__

Look into the distributions of the spherical harmonicLook into the distributions of the spherical harmonic

 functions  functions                                                                           ((ll=0=0,1,2,,1,2,……..)...).
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••      DataData
ΟΟ  Model-I  Model-I
ΔΔ   Model-II   Model-II

[ in the region where the K[ in the region where the Kππ cross-channels have cross-channels have  llittle effect ]ittle effect ]  

ImposeImpose

Choose the solution withChoose the solution with
increasing S-wave phaseincreasing S-wave phase
          ((Wigner Wigner causality)causality)

⇒⇒

ΔΔ  
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Left handed quarks in doubletsLeft handed quarks in doublets

Right handed quarks in Right handed quarks in singlets singlets ⇒⇒ do not couple to W do not couple to W

 The electroweak coupling strength of W
to left-handed quarks is described by
Cabibbo-Kobayashi-Maskawa matrix

 3x3 unitary matrix ==> 4 parameters

tcuu
i

,,=

bsdd j ,,=

relative
magnitude
of the
elements

Weak interaction of quarks in SM
q q ii

L  L  ==  ((
uuii

LL

ddii
LL
))
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 An irremovable complex phase in VCKM is the origin of CP
violation in the SM

 In the Wolfenstein parameterization:

The CKM Matrix

CP the phase changes sign
in the CP-conjugated 
process

 Expect γ  to be ~ (60±10)º, if the Standard Model is consistent.
 But need to measure it directly, need redundant measurements ….

 Several ways to measure γ, no single one of them is “silver bullet” !

VV
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Extraction of γ with BD0K

B−

b

u

u

u

c
s K−

D0

B− b
u

c
u
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u

D0

K−

γ

Common
final state f

Magnitude ratio ≡ rB 1.0
3

4.01
!!

"
!##!

colorscolorsus

cs
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ub

N
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NV

V

V

V $%

Color suppression

αα

ββγγ

Secret to Success:
interference between
color-allowed D0K and
color-suppressed D0K
amplitudes.
Decay time-independent!

The bigger the better!
Larger rB ⇒ larger
interference term ⇒
better constraints on γ.
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 A Simple Interference Algebra A Simple Interference Algebra

Amplitude 1    = A eiγ

Amplitude  2   = B eiδ

Total amplitude = Aeiγ + Beiδ

Decay Rate = A2 + B2 + 2AB cos(δ−γ)
Decay Rate of CP-conjugate decay
                    = A2 + B2 + 2AB cos(δ+γ)

If 2 parameters are known (A/B and δ),
use the 2 equations to solve for B and γ.

B→DK, through a more complicated analysis,
allows to measure γ when δ is not known.

      Observables cos(δ + γ)
and cos(δ − γ) are
invariant under

 Sex :  δ  ↔ γ

 S±   :  δ → − δ,
                 γ → − γ

 Sπ  :   δ → δ + π,
                  γ → γ + π

 Discrete Ambiguities Discrete Ambiguities

If δf and δf’ are different,
Sex is resolved, since you
can’t simultaneously
satisfy both δf  ↔ γ  and
δf ’  ↔ γ
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Step 1:   Obtain D0 → π+π−π0  Dalitz Plot
parameterization using D*+→D0π+ (and c.c)
sample

Step 2:   Fit B−→Dπππ0K− (and c.c) sample to
obtain signal yield and branching-ratio
asymmetry

Step 3:   Fit for CP parameters using results of
Steps 1 and 2 for B−→Dπππ0K− sample

Analysis Steps for B±→Dπ–π+π0 K±
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Dalitz Dalitz PlotPlot  Analysis of Analysis of DD00→→ππ––ππ++ππ00Step 1

•  Three I =1 particles in the final state
•  Gives rise to a rich interference structure
•  The three ρ regions are clearly enhanced in the
DP, and ρ-ρ destructive interference is evident

ρ−ρ destructive interference

KS veto

Events
used
for bkg
shape

±1σ region:
≈ 45000
events

ρρ++

ρρ00

Motivation: CKM angle γ  using B±D[D[ππ––ππ++ππ00] K] K±
232 fb-1

TheThe  3 destructively interfering 3 destructively interfering ρπρπ
amplitudes suggest an amplitudes suggest an II = 0,  = 0, ΔΔII
= 1/2 dominated final state.= 1/2 dominated final state.
C. C. ZemachZemach, Phys. Rev. 133, B1201 (1964)., Phys. Rev. 133, B1201 (1964).

purity ≈ 98 %

Phys. Rev. Lett. 99, 251801 (2007)Phys. Rev. Lett. 99, 251801 (2007)



Kalanand MishraKalanand MishraUniv. Cincinnati, January 22, 2008Univ. Cincinnati, January 22, 2008 1818/32/32

Systematic errors:
•   σ and ρ(1700) parameters
•   reconstruction & PID eff
•   Form factor variation
•   Flavor mistags

 Fit Results Fit Results
ρρ++ : :  68 %68 %
ρρ––  :  :  35 %35 %
ρρ0 0  : :  26 %26 %

Small contributions fromSmall contributions from
higher higher ρρ, f, f00, f, f22 and  and σσ states states

TheThe  distribution is markeddistribution is marked
byby  3 destructively3 destructively
interfering interfering ρπρπ amplitudes, amplitudes,
suggesting an suggesting an II = 0,  = 0, ΔΔI =I =
1/2 dominated final state.1/2 dominated final state.
C. C. ZemachZemach, Phys. Rev., Phys. Rev.
133, B1201 (1964).133, B1201 (1964).

(400, 600)(400, 600)

Step 1

Phys. Rev. Lett. 99, 251801 (2007)Phys. Rev. Lett. 99, 251801 (2007)
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Large interference between S  andLarge interference between S  and    PP  waves.waves.
Each eventEach event  is weighted by the spherical harmonicis weighted by the spherical harmonic

 functions  functions                                                                           ((ll=0=0,1,2,,1,2,……..)...).

Excellent agreement between data & fit.

  

 Mass-projections & Angular Moments Mass-projections & Angular Moments

ρ(770)+ ρ(770)– ρ(770)0

mm22((ππ++ππ00) (GeV) (GeV22/c/c44)) mm22((ππ––ππ00) (GeV) (GeV22/c/c44)) mm22((ππ––ππ++) (GeV) (GeV22/c/c44))

KKSS veto veto

Step 1
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BR & Asymmetry for B±→Dπ–π+π0 K±Step 2

Bkg Signal

ΔE PDFs are Gaussian and 2nd-order polynomial:

Bkg
Sig

Fit B−→Dπππ0K−sample with ΔE, q, d

Obtain signal yield & asymmetry

-0.02 ± 0.15Asym
170 ± 29Nsig

BR(B−→Dπππ0K−) =
(4.6 ± 0.8 ± 0.7) × 10−6

A(B−→Dπππ0K−) =
−0.02 ± 0.15 ± 0.03

q =  continuum NN 
d =  fake D0 NN

Phys. Rev. D72, 071102 (2005)Phys. Rev. D72, 071102 (2005)
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X marks point of no b→u amp
ρ = 0.85, θ = 180°

rBei(δ±γ) = x± + y±

( ) 220

±±± +!" yxx#

!!
"

#
$$
%

&

'
(

±

±'
± 0

1
tan

xx

y
)

x0 = 0.85

ρ− = 0.72 ± 0.11 ± 0.06 ;
θ− = (173 ± 42 ± 16)°
ρ+ = 0.75 ± 0.11 ± 0.06 ;
θ+ = (147 ± 23 ± 11)°

 First measurement of CP-violating quantities in
B→Dπππ0K

 First combined use of DP distribution and absolute
BR to extract CP parameters.

  σθ is too large for a meaningful
 extraction of γ from this analysis alone

  σρ is small enough to contribute
to overall CKMFitter/UTFit fits of γ

Result with 344 M e+e-→BB Events––

However, not trivial to
directly determine γ 

Step 3
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From (ρ± , θ± )  to ( rB, δ, γ )
Use frequentist method to extract γ, rB, δ from (ρ±,θ±)

(3dim confidence intervals projections)

Step 3

1-CL1-CL

11σσ, 2, 2σσ, and 3, and 3σσ regions are defined as containing the three-dimensional significance, regions are defined as containing the three-dimensional significance,
1-CL, smaller than 19.9 %, 73.9 %, and 97.1 %, respectively. 1-CL, smaller than 19.9 %, 73.9 %, and 97.1 %, respectively.   
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0.06  <  rB < 0.78
-30o  <  γ  < 76o

-27o  <  δ  < 78o

Constraints on ( rB, δ, γ )

11σσ bounds on the physical parameters, including both stat. and  bounds on the physical parameters, including both stat. and systsyst. errors . errors 

SensitivitySensitivity  to to rrBB, , γγ, and , and δδ comes from the comes from the  Dalitz plot and BR asymmetry.Dalitz plot and BR asymmetry.
These bounds come from the results of this analysis alone.These bounds come from the results of this analysis alone.  

First direct lowerFirst direct lower  
bound on bound on rrBB  

Step 3

Hopefully,Hopefully,  a more powerful bound will be obtained after combining thea more powerful bound will be obtained after combining the
results of this analysis with with those from Bresults of this analysis with with those from B±±→→D[D[→→KKSS

00ππ++ππ––] K] K±± analysis. analysis.

Phys. Rev. Lett. 99,Phys. Rev. Lett. 99,
251801 (2007)251801 (2007)

1σ     (2σ)
γγ = (92 ± 41± 10± 13) = (92 ± 41± 10± 13)

oo

(stat) (syst) (Dalitz)BB±±→→D[D[→→KKSS
00ππ++ππ––] K] K±±::
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Time-integrated CP inTime-integrated CP in  SCS  DSCS  D00  DecaysDecays

← CPV in charm decays highly suppressed. 

Y. Grossman, A.L. Y. Grossman, A.L. KaganKagan, and Y. , and Y. NirNir, Phys. Rev. D75, 036008 (2007)., Phys. Rev. D75, 036008 (2007).
I.I. I.I. BigiBigi, hep-ph/0104008 (2001)., hep-ph/0104008 (2001).For details:For details:

 SM predictions O(0.1%).
 New Physics must be playing a role if an asymmetry is observed with

present experimental sensitivity [O(1%)].
 3-body decays permit the measurement of phase differences

which are required to create CP violation in the interference
between SM and non-SM processes.

 Access to both CP eigen states (ρ0π0, f0π0, φπ0 ) and flavor states
(ρ±π-+, K*±K-+). Therefore, can probe diverse possibilities of CPV.

With the present data sample, we are sensitive to asymmetry of
O(1%) in amplitude and O(2o) in phase in the main decay channels.
Sensitivity is higher in D→π-π+π0 decay compared to D→K-K+π0.
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 Methodology to Measure CP Asymmetry Methodology to Measure CP Asymmetry

 Use 4 independent methods to measure CP asymmetry:

    -  directly compare Dalitz plot distributions for D0/D0 events. (Model
independent, calculate χ2/ν and compare with null hypothesis).

    -  compare angular moments of the cosine of helicity angle (Model
independent, calculate χ2/ν and compare with null hypothesis).

   -   fit the D0 and D0 Dalitz plots separately and extract asymmetry in
amplitudes and phases. (Model dependent).

    -  asymmetry in the total number of signal events. (Model independent).

––

––

The model independent methods would help establish asymmetry,
the model fit can help interpret measured asymmetry in data.

Perform a blind analysis to search for CPV
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 Sensitivity to CPV: Simulation Studies Sensitivity to CPV: Simulation Studies

no asymmetryno asymmetry

DD00→ρ→ρ00ππ00 amp changed amp changed
byby  -5%, phase by -5-5%, phase by -5oo

Plot the differencePlot the difference  inin  the the Dalitz Dalitz plot plot 
distributions of Ddistributions of D00 and and  DD00 events events
(in number of standard deviations).(in number of standard deviations).  

Clear signal of asymmetryClear signal of asymmetry
in expected places.in expected places.

––

–– ––

DD00→π→π--ππ++ππ00, 25 times larger statistics , 25 times larger statistics 

DD00→ρ→ρ--ππ++ amp changed amp changed
byby  -5%, phase by -5-5%, phase by -5oo
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Asymmetry in Data: Asymmetry in Data: Dalitz Dalitz PlotPlot

Conclusion: no hint of CP violation in direct comparison of Conclusion: no hint of CP violation in direct comparison of DPsDPs..

DD00→→ππ--ππ++ππ00

DD00→→KK--KK++ππ00

ConsistencyConsistency
with No CPVwith No CPV
    32.8 %32.8 %

ConsistencyConsistency
with No CPVwith No CPV
  16.6 %16.6 %
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Asymmetry in Data: Angular MomentsAsymmetry in Data: Angular Moments

↑↑  Consistency with No CPV: Consistency with No CPV: 28.2 %28.2 %

↓↓  Consistency with No CPV: Consistency with No CPV: 28.4 %28.4 %

ππ++ππ––

channelchannel
momentsmoments

ππ++ππ00

channelchannel
momentsmoments

Only 3 moments shown here,Only 3 moments shown here,  butbut
χχ22//νν comes from first comes from first  8 moments8 moments
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Asymmetry in Data: Angular MomentsAsymmetry in Data: Angular Moments

↑↑  Consistency with No CPV: Consistency with No CPV: 63.1 %63.1 %

↓↓  Consistency with No CPV: Consistency with No CPV: 23.8 %23.8 %

KK++KK––

channelchannel
momentsmoments

KK++ππ00

channelchannel
momentsmoments

Only 3 moments shown here,Only 3 moments shown here,  butbut
χχ22//νν comes from first comes from first  8 moments8 moments
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Asymmetry in Data: Model FitAsymmetry in Data: Model Fit

DD→→ππ--ππ++ππ00

DD→→KK--KK++ππ00

Conclusion: No evidence for CPV in any CP Conclusion: No evidence for CPV in any CP eigen eigen oror
flavor state in either decay mode.flavor state in either decay mode.
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Phase-space-integrated AsymmetryPhase-space-integrated Asymmetry

ππ––ππ++ππ00::      aaCP CP = [ -0.31 ± 0.41 (stat) ± 0.17 (= [ -0.31 ± 0.41 (stat) ± 0.17 (systsyst) ] %) ] %
KK––KK++ππ00::      aaCP CP ==    [[  1.00 ± 1.67 (stat) ± 0.25 (1.00 ± 1.67 (stat) ± 0.25 (systsyst) ] % ) ] % 

Conclusion: consistent with no integrated asymmetry.Conclusion: consistent with no integrated asymmetry.

ππ––ππ++ππ00::      aaCP CP = [ -0.28 ± 0.34 (stat) ± 0.19 (= [ -0.28 ± 0.34 (stat) ± 0.19 (systsyst) ] %) ] %
KK––KK++ππ00::      aaCP CP ==    [[  0.62 ± 1.24 (stat) ± 0.28 (0.62 ± 1.24 (stat) ± 0.28 (systsyst) ] % ) ] % 

Consistency check,Consistency check,
± 2.5± 2.5σσ region for region for
recoreco. D mass peak. D mass peak
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SummarySummary

••  Performed branching ratio measurements of the SCSPerformed branching ratio measurements of the SCS
decays Ddecays D00    ππ--ππ++ππ00, , KK--KK++ππ0 0 relative to the CF decayrelative to the CF decay
DD00    KK--ππ++ππ00

••  Dalitz Dalitz plot analysis of the decay Dplot analysis of the decay D00    KK--KK++ππ00

••  Dalitz Dalitz plot analysis of the decay Dplot analysis of the decay D00    ππ--ππ++ππ00

••  Measurement ofMeasurement of  γγ using the decay B using the decay B±±   D Dππ--ππ++ππ00
  KK±±

•• Search for CP violation at the 1% level Search for CP violation at the 1% level  in the decaysin the decays
DD00    ππ--ππ++ππ00, , KK--KK++ππ00

End of Talk ! Thank You !End of Talk ! Thank You !



Back up slides
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Kaon/Pion Kaon/Pion Discrimination:Discrimination:  DIRCDIRC

Cherenkov angle vs.  momentum
for pions and kaons

LAYOUT

>4 σ separation
at 3 GeV/c



Kalanand MishraKalanand MishraUniv. Cincinnati, January 22, 2008Univ. Cincinnati, January 22, 2008 3535/32/32

B.R. of the Decays DB.R. of the Decays D00→→ππ--ππ++ππ00, K, K--KK++ππ00  

EventEvent Reconstruction Reconstruction
 PCM ( D0 )   >  2.77 GeV/c
 |mD* - m D0 - 145.5| < 0.6 MeV/c2

Background Sources
 Combinatorial
 Kππ0 reflection in πππ0 and KKπ0 modes

Data Sample = 232 fb-1

Use the the Cabibbo-favored decay D0→K-π+π0 as reference for normalization.
Reconstruct the decay chain: [ D*+→D0πs

+,  D0→h-h+π0,  π0→γγ ] and c.c.

D*+

D0

π+
soft

π0

γ

γ

K- / π-K+ / π+

1.1. Precision measurement of thePrecision measurement of the
branching ratios of 3-body Cabibbo-branching ratios of 3-body Cabibbo-
suppressed decays ofsuppressed decays of  DD00..

2.2. To investigate the anomalyTo investigate the anomaly  in the BRin the BR
of 2- & 3-body CS decays of Dof 2- & 3-body CS decays of D00..

Motivation

The charge of the πsoft determines the charm
content of the D0 meson (i.e., whether it is D0

or D0).
__
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DD00→→ππ--ππ++ππ00, K, K--KK++ππ00  

DD00→→hh--hh++ππ00 Reconstruction Reconstruction
  h- and h+ tracks are fit to a vertex
  Mass of π0 candidate is constrained
     to mπ0   at  h-h+ vertex
 PCM ( D0 )   >  2.77 GeV/c

    D* Reconstruction
 D*+ candidate is made by fitting the  D0 and the πs

+  to a vertex
constrained in x and y to the measured beam-spot for the run.
 |mD* - m D0 - 145.5| < 0.6 MeV/c2

 Vertex  χ2  probability > 0.01
 Choose a single best candidate with smallest χ2  for the whole decay
chain ( multiplicity = 1.03 ).

Background Sources
 Charged track combinatoric
 Mis-reconstructed π0

 Real D0, fake πs
 Kππ0 reflection in πππ0 
     and KKπ0 modes
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KK--KK++ππ00  branching ratio: CLEO resultbranching ratio: CLEO result  

        CLEOCLEO
 collaboration collaboration

KK--KK++ππ00

signal

K-π+π0 
reflection

Phys. Rev. D54, 4211 (1996)
B(D0→KKπ0)/ B(D0→KKπ0) =
0.95 ± 0.26 % 

Signal yield  151 ± 42
Efficiency  9.2 ± 0.3 % A new cross-check done by the CLEOA new cross-check done by the CLEO

collaboration showscollaboration shows    B(DB(D00→→KKKKππ00)/ B(D)/ B(D00

→→KKππππ00) = 2.21  ± 0.14 (stat)  %, which is) = 2.21  ± 0.14 (stat)  %, which is
consistent with our measurement.consistent with our measurement.

Phys. Rev. D74, 031108 (2006)Phys. Rev. D74, 031108 (2006)

 High pion-to-kaon
misidentification rate ⇒
contamination from D0→K-

π+π0 events very high.
 Had to apply various

vetoes and the
corresponding efficiency
corrections.

 Combinatorial background
not fully understood.
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3-Particle Phase Space3-Particle Phase Space

      coscos22θθ
distributiondistribution
 of  of ρρ meson meson

 - Dalitz plot provides info on angular distr.
 - Also about dynamical amplitudes involved.
 - Flat if no dynamics involved.

θθ=0=0
θθ==ππρρ++

 Dalitz applied this method  first to KL-decays
- To resolve  τ/θ puzzle with only few events
- goal was to determine spin and parity

 And he never called them Dalitz plots !

DD00→π→π--ππ++ππ00 Dalitz plot

 2 Observables
From four vectors            12
Conservation laws            -4
Final state particle masses    -3
Free rotation in decay plane  -3
Σ                           2

 Usual choice
Invariant mass squared m2

12

Invariant mass squared m2
13

π2

D0

π1

{ π1 ,  , π2,,  π3 }  } == {  { ππ++, , ππ00, , ππ- }- }

θθ π3
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  Isobar Model FormalismIsobar Model Formalism

 three-body decay D three-body decay D→→ABC decaying through an r=[AB] resonanceABC decaying through an r=[AB] resonance

D decay three-body amplitudeD decay three-body amplitude ),(),( 131201312
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Relativistic Relativistic Breit-WignerBreit-Wigner

Angular distributionAngular distribution

D D and and r  r  Blatt-WeisskopfBlatt-Weisskopf  form factorsform factors

NR termNR term(direct 3 body decay)(direct 3 body decay)aa00, , δδ00, , aarr, , δδrr  : Free parameters of fit: Free parameters of fit

ff00(980)(980)

1 1

1
2

2

3 3 3

{12} {13} {23}
1

2

3
2

NRNR

  (( aa00(980)(980)
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 Introducing Angular Distributions Introducing Angular Distributions
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% For S- and P- waves only, in the absence of cross-feeds from other
channels, the amplitudes and the relative phase are given by these

relations.

Schrödinger‘s Equation

Angular Amplitude

Dynamic Amplitude
(BW, Flatte, S-wave)

In case only  l = 0 (S-wave) and 1 (P-wave)In case only  l = 0 (S-wave) and 1 (P-wave)  amplitudes are present :amplitudes are present :
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 K Kππ and K and K++KK--  SS-wave Amplitudes-wave Amplitudes

- The LASS amplitude gives the best fit- The LASS amplitude gives the best fit..
-- E-791 fit worse at low mass. E-791 fit worse at low mass.

--  κκ  model model yieldsyields

            massmass      870 870 ± 30± 30    MeV/cMeV/c22

            widthwidth      150 ± 20150 ± 20    MeV/cMeV/c22

significantly different from the valuessignificantly different from the values
reportedreported  for for κκ00..
- - κκ  with E-791with E-791 parameters  parameters does notdoes not
give a satisfactory fit.give a satisfactory fit.

Use LASS amplitude for nominal fit andUse LASS amplitude for nominal fit and
E-791E-791  amplitudeamplitude for  for systsyst.  uncertainty..  uncertainty.

For KFor Kππ S-wave S-wave  

For KFor K--KK++ S-wave S-wave  

--  ff00(980) and a(980) and a00(980)(980)  virtually indistinguishable from eachvirtually indistinguishable from each
other.other.
-- Both f Both f00(980) and a(980) and a00(980) give satisfactory fits.(980) give satisfactory fits.

Since they are so
similar, we try each as

a description of  the
KK S-wave amplitude.

  

KKππ invariant  invariant mass range available inmass range available in
DD00→→KK––KK++ππ00 decay. decay.

——

NuclNucl. Phys. B296, 493 (1988);. Phys. B296, 493 (1988);

Phys. Rev. D73, 032004 (2006);Phys. Rev. D73, 032004 (2006);

LASSLASS

E791E791
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– Kπ S-wave in mass range 0.6–1.4 GeV/c2 is not well-understood.

– A possible κ state ~ 800 MeV/c2 has been conjectured, but has only been reported in the neutral
state.

– For the K+π0 and K-π0 S-wave amplitudes, we try three models:

KKKKππ00: : KKππ  S-wave ParametrizationS-wave Parametrization

- Amplitude from LASS  K-π+→ K-π+ scattering.

- K-π+ amplitude from a model-independent analysis of D+→K-π+π+ data by
the E791 collaboration.
- [ coherent sum of κ(800) + uniform NR + K*0(1430) ].

- - 808000

NuclNucl. Phys. B296, 493 (1988);. Phys. B296, 493 (1988);

Phys. Rev. D73, 032004 (2006);Phys. Rev. D73, 032004 (2006);

    

  {No evidence in K{No evidence in Kππ elastic elastic
scattering.}scattering.}

••      E-791E-791
        LASSLASS

Normalized toNormalized to
arbitrary scale forarbitrary scale for
m m > 1.15 Gev/c> 1.15 Gev/c2 2 forfor
easy  comparison.easy  comparison.
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    Kπ S-wave amplitude is described by the coherent sum of an effective
range term and the K*0(1430) resonance:

                      S(s) =  (√ s/ p). sinΔ . eiΔ

  Δ  =  cot-1 [ 1/ap + rp/2 ]     +   cot -1 [ (m2
R-s)/(mR ΓR ) ]

        Effective Range (NR) term            K*0(1430) resonance term

  a = scat. length, r = eff. range,  mR = mass of K*0(1430), ΓR= width
  p = momentum of either daughter in the Kπ rest frame.

For Kπ scattering, S-wave is elastic up to Kη' threshold (1.45 GeV).

Phase
space
 factor

LASSLASS  KKππ  S-wave ParameterizationS-wave Parameterization
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 Divide m2(K-π+) into slices

 Find s–wave amplitude in each slice (two parameters)
 Use remainder of Dalitz plot as an interferometer

 For s-wave:

- Interpolate between (ck,γk).

 Model P and D waves.

[ E791 Collaboration,  slide from Brian Meadow’s Moriond 2005 talk ]

S  (“partial wave”)

KKππ  S-wave from S-wave from DD00→→KK--ππ++ππ++ DP DP
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 Partial Wave Analysis in K Partial Wave Analysis in K--KK++ channel channel

••      DataData
ΟΟ  Model-I  Model-I
ΔΔ   Model-II   Model-II

ff00(980)(980)

KK S-KK S-wavewave amplitude, extracted in a amplitude, extracted in a
model independent analysis of themodel independent analysis of the
decay Ddecay D00→→KK--KK++KK00..

Phys. Rev. D 72,Phys. Rev. D 72,    052008 (2005)052008 (2005)

Two solutions for Two solutions for θθSPSP  ⇒⇒
upper one is the physicalupper one is the physical

Solve the equations on the previousSolve the equations on the previous
slide to extract |S|, |P|, and slide to extract |S|, |P|, and cos cos θθSPSP..

Because of the interference from
the crossing Kπ channels, the
model independent partial-wave
analysis performed here is valid
only up to about 1.02 -1.03 GeV/c2

  

    

  

    aa00(980)(980)

DataData DataData

φφ  (1020)(1020)

Breit-WignerBreit-Wigner
phase for P-phase for P-
wave, wave, φφ(1020)(1020)

––
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DD00→→ππ––ππ++ππ0 0 Dalitz Dalitz Plot AmplitudesPlot Amplitudes

Interference between three types of singly Cabibbo-suppressed amplitudes

(I)(I) (II)(II)

(III)(III)

Color-suppressedColor-suppressed

PDF for signal events = | f |PDF for signal events = | f |22

Step 1

Assumes no D-mixing, no CP violation in D decays!

mm22
ππ++ππ00 +  + mm22

ππ--ππ00 +  + mm22
ππ++ππ-- = =

mm22
ππ++ +  + mm22

ππ-- +  + mm22
ππ0 0 + + mm22

DD00
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Signal Dalitz PDFs

ρ+ ρ+(1450) ρ+(1700)

f0(1500) f2
’(1525) f0(1710)

f0(980) f2(1270) f0(1370

σ ω NR

NRPW NRPW NRPW

ρ− ρ−(1450) ρ−(1700)

ρ0 ρ0(1450) ρ0(1700)

Step 1
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 Strong-phase Diff. & Amplitude Ratio Strong-phase Diff. & Amplitude Ratio

 The strong phase difference δD and relative amplitude rD between the
decays of D0 and D0 to ρ(770)+ π– state are defined, neglecting direct CP
violation in D decays, by the equation:

 We find

These measurements are consistent withThese measurements are consistent with  each other.each other.

Hep-ex Hep-ex / 0306048 (2003)/ 0306048 (2003)Hep-ex Hep-ex / 0703037  (2007)/ 0703037  (2007)

__

rD = 0.714 ± 0.008 (stat) ± 0.003 (syst)
δD = -2.0° (stat) ± 0.6° ± 0.6° (syst)

rD = 0.65 ± 0.03 (stat) ± 0.04 (syst)
δD = -4° ± 3° (stat) ± 4°(syst)

CleoCleoBaBarBaBar

Step 1
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The Unitarity Triangle

 V is unitary: VV+=1  ===>
in the complex plane

 Expect γ  to be ~ (60±10)º, if the Standard Model is consistent.
 But need to measure it directly, need redundant measurements ….

 Several ways to measure γ, no single one of them is “silver bullet” !



Kalanand MishraKalanand MishraUniv. Cincinnati, January 22, 2008Univ. Cincinnati, January 22, 2008 5050/32/32

Evolution of Methods on γ 

 Gronau, Landon, and Wyler (GLW) Phys. Lett. B 265, 172 (1991)
• This was the original B→DK paper. Reconstruct D in a CP eigenstate.
• Additional measurements are needed to determine them all: rB, δ, γ.

 Atwood, Dunietz, and Soni (ADS), Phys. Rev. Lett. 78, 3257 (1997)
• Noted the sizable interference between the DCS and CF decays of D, and

proposed to use them, to realize the interference.
• Method can’t be used standalone either, since there is only one 2-body DCS

mode, D0→K+π−, while at least 2 modes are needed. Need additional input of
strong phase difference in D decays.

 Giri, Grossman, Soffer, Zupan (GGSZ) Phys. Rev. D68, 054018 (2003)
• Outlines the method for using multi-body D decays with

model-dependent and –independent analysis

 BaBar, hep-ex/0507101 and Belle, hep-ex/0504013 (2005)
• The experimental measurements of γ using B→DK, D→KSπ

+π−

 Bondar, A. Poluektov, ph/0510246 (2005)
• MC study of the model-independent (binned Dalitz plot) measurement of γ

BF(B  → DK) ~ 10 -4,  BF(D→ fCP) ~ 10 -2
Small… ⇒ strongly statistics limitedMain Drawback:Main Drawback:

Will elaborate on this  laterWill elaborate on this  later

No significant signalNo significant signal  with current datawith current data
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 Discrete Ambiguities Discrete Ambiguities

• The observables are cos(δ + γ) and    cos(δ − γ),
which are invariant under
 Sex :  δ  ↔ γ

 S±   :  δ → − δ,        γ → − γ

 Sπ  :   δ → δ + π,    γ → γ + π

 If δf and δf ’ are different enough, Sex is
resolved, since you can’t simultaneously satisfy
both δf  ↔ γ  and δf ’  ↔ γ

While measuring While measuring γγ, one encounters two devils: statistics and, one encounters two devils: statistics and
ambiguity, and they often feed each other.ambiguity, and they often feed each other.
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2-body 2-body vs vs Multi-body DMulti-body D00 Final States Final States

Advantages of multi-body final states:
 Effectively, provide many final states, due to the variation of rf and δf. This helps to

resolve ambiguities down to an irreducible 2-fold ambiguity :)
 Add statistics – access to modes for which the 2-body final-state technique for

measuring γ is not applicable :)

Disadvantages:
 More complicated analysis :(
 New systematic errors (how well do we understand the D final-state phase-space

distribution?) unless using model-independent analysis approach :(

Overall:
 A-priori, both kinds of states are approximately equally useful in measuring γ.

Measurement is statistically limited, need all the modes we can get. In practice, some
modes will turn out to be more useful than others.
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  Dalitz Dalitz Plot MethodPlot Method

 We saw that at least 2 D final states are needed in order to solve for
all the unknowns.

 This 2-state requirement can be satisfied by a single multi-body D
final states, in which each point in the final state phase space (Dalitz
plot for a 3-body decay) serves effectively as a different final state.

 In terms of the γ analysis, what differentiates 2 final states is their
values of rf and/or δf.. In this sense, different points in phase space
can function as different D final states when they have different
values of rf or δf.

 Broad resonances are the most obvious cause for variation of rf and δf
in different points of final-state phase space.
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1. DKD: Correctly reconstructed signal (“signal”)
2. DKbgd: Mis-reconstructed signal events
3. DπD: Correctly-reconstructed Dπ with π misidentified as K
4. DπbadD: Dπ events with a fake D candidate. K candidate is usually a

true kaon picked at random from the event
5. DKX: B→DK with D →non-πππ0. The K  is good
6. DπX: B→Dπ/ρ with D →non-πππ0. K candidate is usually a true kaon

picked at random from the event
7. BBCD: Combinatoric BB events with a good D candidate
8. BBCbadD: Combinatoric BB events with a fake D candidate
9. qqD: Continuum with a good D candidate
10. qqbadD: continuum with a fake D candidate

Event Types in B±→Dπ–π+π0 K±Step 2
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Event Selection for B±→Dπ–π+π0 K±

      Based on BR and asymmetry analysis

• 5.272 < mES < 5.3 GeV (Avoids DP-mES correlations in bkg)
• 1.83 < mD < 1.895 GeV (Avoids DP-mD correlations in bkg)
• Kaon, pion  identification
• KS→ ππ  veto (D0→KSπ0 is a CF decay unrelated to GGSZ method)
• q > 0.1        (continuum NN)
• d > 0.25      (fake D0 NN)
•  ε = 11.4%

Phys. Rev. D72, 071102 (2005)Phys. Rev. D72, 071102 (2005)

Step 2

(only for (only for γγ fit fit))
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BR of B±→Dπ–π+π0 K± : PDF Shapes
“Normalize” neural net variables q & d
q → q’ = tanh−1[(q – ½ (qmax+qmin) / ½(qmax – qmin)] qq

Signal

ΔE PDFs are Gaussians and 2nd-order polynomial:

qq
Sig

Step 2

Fit B−→Dπππ0K−sample
with ΔE, q, d

Obtain signal yield and
asymmetry.
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BR & Asymmetry for B±→Dπ–π+π0 K±Step 2

“Normalize” neural net variables q & d
q → q’ = tanh−1[(q – ½ (qmax+qmin) / ½(qmax – qmin)] qq

Signal

ΔE PDFs are Gaussian and 2nd-order polynomial:

qq
Sig

Fit B−→Dπππ0K−sample with ΔE, q, d

Obtain signal yield & asymmetry

-0.02 ± 0.15Asym
170 ± 29Nsig

BR(B−→Dπππ0K−) =
(4.6 ± 0.8 ± 0.7) × 10−6

A(B−→Dπππ0K−) =
−0.02 ± 0.15 ± 0.03
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B±→Dπ–π+π0 K± : Bkg Dalitz ShapesStep 3

 Fake-D background Dalitz shapes are NR + 3 incoherent,
unpolarized ρ’s:

 Shape for 2 event types can’t be fit to this way.
We use an empirical shape from simulation:

- Fit D0 → π+π−π0  Dalitz plot from B−→Dπππ0K− sample with ΔE, q, s+, s−

- NN variable d not used – highly correlated with s+, s−

- mES and MD not used – correlated with other variables for the background

For CP FitFor CP Fit
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  Dalitz Model:

  BR:

  CP systematics

Systematics detailsStep 3
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B+

b

u

u

u

c
s K+

D0

B+ b
u

c
u

s
u

D0

K+

γ
b→u

b→c

π+π−π0

•  Based on GGSZ method of PRD68, 054018, so far used only with D→KSπ+π−

•  Goal: add modes for maximum γ precision

A±(s+,s−) = fD(s+,s−) + rBei(δ±γ) fD(s−,s+)

Dalitz plot variables

B±→Dπππ0K± amplitude D0→πππ0 amplitude D0→πππ0 amplitude

 Extraction of  Extraction of γγ  : Basic Idea: Basic Idea
Atwood et al., PRL78, 3257 (1997)
Giri et al., PRD68,054018 (2003)

 δB is strong phase diff. of A(B-

D0K-) and A(B- D0K-)
 Unknowns: rB, δB and γ

Step 3
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 The Dalitz plot shape |A±(s+,s−)|2 depends on the CP parameters rBei(δ±γ)

• Previous Dalitz analyses, with KSπ+π−, used only this signature

 But the branching fractions = ∫|A±(s+,s−)|2 are also sensitive to the CP
parameters
• Using both the shape and the absolute rates gives higher sensitivity

 It turns out that in this mode, the BRs give a higher sensitivity
• Don’t know how it is in KSπ+π− − need to check. If the same is true there,

expect significant improvement in KSπ+π− sensitivity to γ

Add more Information to the LikelihoodStep 3

           = x± + y±
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 To make use of both the shape and the absolute decay rates, we
minimize the function

!
!
"

#
$
$
%

&

'

'
=

expectedmeas

expectedmeas

AsymAsym

NN
Y

LDP = − log ∏PDP LBA = ½ Yi Vij
−1 Yj

L = LDP + LBA

V = error matrix from N and Asym fit 

N±
expected = η  ∫|A±(s+,s−)|2 ε(s+,s−) /  ∫|fD(s+,s−)|2 ε(s+, s−)

1/2 ΝΒΒ ε BR(D0 →πππ0) BR(B−→D0K−)

CP Parameters: Max Likelihood FitStep 3
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rBei(δ±γ) = x± + y±

LDP

LBA

N+
expected

1-σ contour lines

•  LDP (LBA) has Cartesian (polar) symmetry
•  LBA is more sensitive (denser contour lines)
    in radial direction (ρ), not sensitive at all in θ

Min.

Min.

Toy exp., S+B

Behavior of LDP & LBA for xtrue = ytrue = 0Step 3
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LDP LBA

+

=

L

•  Highest sensitivity
•  But correlated contours due
    to polar symmetry of LBA
•  Can’t quote sensible errors
•   Switch to polar coordinates

θ

ρ

Combined behavior L = LDP + LBA
Step 3
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( ) 220

±±± +!" yxx# !!
"

#
$$
%

&

'
(

±

±'
± 0

1
tan

xx

y
)

x0 = ∫fD(s+,s−)* fD(s−,s+) ds−ds+ = 0.85

ρ± = x0  and  θ = 180°  for rB = 0 (no CP violation)

LBA L

+ = ×

LDP

Polar coordinatesStep 3
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••  Direct measurement ofDirect measurement of  γγ  is crucial to constrain new physicsis crucial to constrain new physics
contributions in quark sector of the Standard Model.contributions in quark sector of the Standard Model.

••  Many different approaches to measure Many different approaches to measure γγ. Information from GLW, ADS,. Information from GLW, ADS,
GGSZ, and other methods are all useful.GGSZ, and other methods are all useful.

••  The The GGSZ/DalitzGGSZ/Dalitz  method has emergedmethod has emerged  as the most powerful techniqueas the most powerful technique..

•• Precise parameterizations of the amplitudes and phases and the Precise parameterizations of the amplitudes and phases and the
inclusion of information on branching ratio and decay-rate asymmetryinclusion of information on branching ratio and decay-rate asymmetry
improve sensitivity in improve sensitivity in γγ..  A lot of progress made in the analysis andA lot of progress made in the analysis and
technique development.technique development.

•• Statistics are the only thing holding us back ! Statistics are the only thing holding us back !  Adding additionalAdding additional  DD
decay modes to decay modes to BB→→DKDK and combining results from them will definitely and combining results from them will definitely
help in the future analysis.help in the future analysis.

Summary on Summary on γγ
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γγ: Key Analysis Technique: Key Analysis Technique

2*2*

BbeamES pEm !=
**

beamB
EEE !="

Background Background

(spherical)

(jet-structure)

Event topology  

Signal Signal

Exploit kinematics of e+e− → ϒ (4S) → BB for signal selection
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DD00  KKSS
00ππ++ππ––  Dalitz Dalitz Plot analysisPlot analysis

270 fb-1Motivation: CKM angle γ  using B→D[KS
0π+π–]K– decay

390K K*(892)-

ρ(770)

mm22(K(Kss
00ππ--))

mm22(K(Kss
00ππ++)) mm22((ππ++ππ--))

K*(892)+

DCSDCS
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DD00→K→Kss
00ππ++ππ-- (Isobar Model) (Isobar Model)

DCSDCS

DCSDCS

DCSDCS

(490, 406)(490, 406)

(1024, 89)(1024, 89)

Important for Important for γγ
and D-mixingand D-mixing
measurementsmeasurements

KK*(892)*(892)–– : 58 % : 58 %
ρρ(770)(770)0 0 ::  22 %22 %
Non-Res.: 8 %Non-Res.: 8 %
σσ  (500)(500)::  8 %8 %
K*(1430)K*(1430)–– : :  7 %7 %
ff00(980)(980): 6 %: 6 %

←←

hep-ex/0607104hep-ex/0607104
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The ‘Cartesian coordinates’
 Goal: Fit the Dalitz plot distributions of D0KSππ from B-

and B+ decays to extract rB, δB and γ
 Complication: The Maximum Likelihood fit overestimates

rB and underestimates the error of γ
 Solution: Write the Likelihood as a function of the

cartesian coordinates x±, y±:

( ) ( )**2222
Im2Re2)()( !++!++!+++

+ ++++"# ffyffxfyxfB

( ) ( )**2222
Im2Re2)()( +!!+!!+!!!

! ++++"# ffyffxfyxfB

Likelihood is Gaussian and unbiased in x±, y±
),( 22

±! mmAf D mm

 Strategy: Extract x±, y± from ML fit to the D0KSππ Dalitz
plot and derive rB, δB and γ from x±, y± with stat. procedure

)cos( !" m
m BB
rx =

)sin( !" m
m BBry =
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DKSππ Dalitz plot distribution in signal region

B-D0K- B+D0K+

(x±,y±) are extracted
from the D0KSππ 
Dalitz plot

B−

B+ B-

B+

BD0K

2 σ
1 σ

D0K

rb

 γ
 (d

eg
)

347 106 BB

(5dim confidence intervals

 projections)

1σ     (2σ)
γγ = (92 ± 41± 10± 13) = (92 ± 41± 10± 13)

oo

(stat) (syst) (Dalitz)

hep-ex/0607104
hep-ex/0507101

Used frequentist method to 
extract γ, rB,δB from (x±,y±)

From x,y to γ
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Sensitivity to γ over Dalitz plot
 Sensitivity varies strongly over Dalitz plane
 2nd derivative of the log(L) event-by-event weighs

the event

*DCS (892)K !+ "

0 *

0
*

Interference of [ ]  

(suppressed) wit

A

h  [ ]

DS like

B D K K

B D K K

!
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#

$ $

$ $

2
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!

2
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2

2
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d!
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1
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d
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*
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S
D K !"

events: points (weight = 1)
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δB=180°
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 SM predictions O(0.01%).
 New Physics must be playing a role if an asymmetry is

observed with present experimental sensitivity [O(1%)].
 The CP violation can be of any of the three types:
     - in decay
     - in mixing between D0 and D0

     - in interference of decay with mixing
  Indirect CPV is universal.
 Direct CPV is localized => different parts of phase-space

might have different asymmetries (and may even cancel each
other out when integrated over the whole phase-space).

CP Violation inCP Violation in  CharmCharm  DecaysDecays

← CPV in charm decays highly suppressed. 

––
← direct CPV. 

← indirect CPV. 

Y. Grossman, A.L. Y. Grossman, A.L. KaganKagan, and Y. , and Y. NirNir, Phys. Rev. D75, 036008 (2007)., Phys. Rev. D75, 036008 (2007).
I.I. I.I. BigiBigi, hep-ph/0104008 (2001)., hep-ph/0104008 (2001).For details:For details:
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Why 3-body SCSWhy 3-body SCS    DD00  Decays ?Decays ?

 3-body decays permit the measurement of phase differences
which are required to create CP violation in the interference
between SM and non-SM processes.

 Access to both CP eigen states (ρ0π0, f0π0, φπ0 ) and flavor states
(ρ±π-+, K*±K-+). Therefore, can probe diverse possibilities of CPV.

 Also, these are relatively high statistics modes (84000 D0/D0→ππ
π0 and 15000 KKπ0 events).

––

Find that, with the present data sample, we are sensitive to
asymmetry of the order O(1%) in amplitude and O(1o) in phase in
the main decay channels. Sensitivity is higher in D→π-π+π0 decay
compared to D→K-K+π0.
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 CLEO measures ACP in D0→π-π+π0 decays

    ACP = 0.01       ± 0.05

 No ACP measurements available for D0→K-K+π0

What is Known ?What is Known ?

 ACP(K+K-) = 0.014 ± 0.010
 ACP(π+π-) = 0.013 ± 0.012
 ACP(π0π0) = 0.00 ± 0.05
 ACP(K+K-π+π-) = -0.08 ± 0.07

PDG 2006 ⇒

+0.07
-0.05

Asymmetry in the Dalitz-Plot-integrated
coherent sum of all amplitudes in the
Dalitz Plot for D0 and D0 events.––

BaBar 2007 ⇒
 ACP(K+K-) = (0.00 ± 0.34 ± 0.13)%
 ACP(π+π-) = (-0.24 ± 0.52 ± 0.22)%



Kalanand MishraKalanand MishraUniv. Cincinnati, January 22, 2008Univ. Cincinnati, January 22, 2008 7676/32/32

no asymmetryno asymmetry Asymmetry: 5%, 5Asymmetry: 5%, 5oo  in Din D00→φπ→φπ00

 Sensitivity to CPV: MC Studies   Sensitivity to CPV: MC Studies  continued continued ……

DD00→→KK--KK++ππ00, 25 times larger statistics , 25 times larger statistics 

––

Generate asymmetry in amplitude, phase ofGenerate asymmetry in amplitude, phase of  either Deither D00→ρ→ρ00ππ00  [D[D00→φπ→φπ00] or] or
DD00→ρ→ρ--ππ++ [D [D00→→K*K*--KK++]. Then fit the resulting ]. Then fit the resulting Dalitz Dalitz plot to see with whatplot to see with what
sensitivity we get the original parameters back.sensitivity we get the original parameters back.

Find that, with the present data sample, we are sensitive to
asymmetry of the order O(1%) in amplitude and O(1o) in phase in
the main decay channels. Sensitivity is higher in D0→π-π+π0 decay
compared to D0→K-K+π0.

–– ––
–– ––
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 Sensitivity to CPV in Simulation Sensitivity to CPV in Simulation

(i) When there is no asymmetry (i.e., (i) When there is no asymmetry (i.e., ““noise levelnoise level””))

(ii) When(ii) When  DD00→ρ→ρ00ππ00 amplitude amplitude  is changed byis changed by  -5% and its phase changed by -5-5% and its phase changed by -5oo  ––

Plot the difference of momentsPlot the difference of moments
between Dbetween D00 and D and D00 events events––

DD00→π→π--ππ++ππ00

OnlyOnly  4 moments shown here,4 moments shown here,  but but χχ22//νν comes comes
from firstfrom first  8 moments. Also take correlation8 moments. Also take correlation
among the moments into account in each bin.among the moments into account in each bin.
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 Definition of  Definition of χχ2 2 for Model for Model IndepIndep. Methods. Methods

Dalitz Dalitz Plot Comparison:Plot Comparison:  Calculate normalized residual in each binCalculate normalized residual in each bin

ThenThen    χχ22 = =    ΣΣ    ΔΔ22

binsbins

Angular Moments Comparison:Angular Moments Comparison:  Calculate normalized residual in each binCalculate normalized residual in each bin
for first eight moments ( l = 0 - 7 )for first eight moments ( l = 0 - 7 )

ThenThen    χχ22 = =  ΣΣ      ΣΣ  ΣΣ  XXii  ρρijij X Xjj
binsbins ii jj

where where ρρijij  is the correlation betweenis the correlation between
moments of ordermoments of order  i and j in a bini and j in a bin

R = NR = NDD  /N/NDbarDbar
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  χχ22//νν from  from Dalitz Dalitz Plot for No CPVPlot for No CPV

DD00→→ππ--ππ++ππ00 DD00→→KK--KK++ππ00
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--  Ploted   Ploted the the χχ22//νν distribution for  distribution for Dalitz Dalitz plot distribution from CPplot distribution from CP
symmetricsymmetric  500 toy MC samples (500 toy MC samples (νν = number of bins in the  = number of bins in the Dalitz Dalitz plot)plot)
--    Use the same number of events in each experimental sample as theUse the same number of events in each experimental sample as the
number  of events in our real Data sample.number  of events in our real Data sample.
--    These plots give an estimate of theThese plots give an estimate of the  scale andscale and  spread in spread in χχ22//νν values. values.
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  χχ22//νν from  from AngAng. Moments for No CPV. Moments for No CPV

ππ++ππ00ππ++ππ––

KK++ππ00
KK++KK––
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Angular Moments: Consistency with No CPVAngular Moments: Consistency with No CPV

ππ++ππ00ππ++ππ––

KK++ππ00
KK++KK––

ConsistencyConsistency
with No CPVwith No CPV
    28.2 %28.2 %

ConsistencyConsistency
with No CPVwith No CPV
    28.4 %28.4 %

ConsistencyConsistency
with No CPVwith No CPV
    63.1 %63.1 %

ConsistencyConsistency
with No CPVwith No CPV
    23.8 %23.8 %
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 Decouple Localized  Decouple Localized vs vs DP-integrated DP-integrated AACPCP

CP asymmetry can be: CP asymmetry can be: 

--  either localized in some specific part of the either localized in some specific part of the Dalitz Dalitz plotplot
    (as predicted by most new physics models)(as predicted by most new physics models)

-- or integrated over the whole phase-space  or integrated over the whole phase-space (a la 2-body decay)(a la 2-body decay)

Best way is to decouple the two:Best way is to decouple the two:

- For obtaining asymmetry in the - For obtaining asymmetry in the Dalitz Dalitz plot distribution, normalizeplot distribution, normalize
DD00 and D and D00 events to the same number: events to the same number:

                        χχ22//νν = =    nnDD  - R. - R. nnDbarDbar  / Poisson error/ Poisson error R = NR = NDD  /N/NDbarDbar

- obtain the phase-space integrated asymmetry- obtain the phase-space integrated asymmetry  after applying the softafter applying the soft
pion pion efficiency corrections as done in the 2-body Defficiency corrections as done in the 2-body D00→→KK, KK, ππππ    decays.decays.

––
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 Validation Studies Validation Studies

Validation studies on toy Monte Carlo treatedValidation studies on toy Monte Carlo treated    as data as data 

--  Analysis on CP-symmetric DAnalysis on CP-symmetric D→→ππ––ππ++ππ00, K, K––KK++ππ00  samplessamples
--  Analysis on asymmetric samplesAnalysis on asymmetric samples

Validation studies on signal Monte Carlo treatedValidation studies on signal Monte Carlo treated    as data as data 

--  Repeat the above stepsRepeat the above steps

Validation studies on data Validation studies on data 

--  We are still We are still ‘‘blindblind’’..
--  Divide the data sample randomly into two disjoint samples ofDivide the data sample randomly into two disjoint samples of
equal size (without looking into the flavor of the D meson)equal size (without looking into the flavor of the D meson)
--  Perform the wholePerform the whole  analysisanalysis
--  Repeat the procedure several timesRepeat the procedure several times

Summary: We find consistent results and get the input parameters back. Summary: We find consistent results and get the input parameters back. 
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 Study of Systematic Uncertainties Study of Systematic Uncertainties

Experimental:Experimental: --  efficiency efficiency parametrizationparametrization
--  PID correctionsPID corrections
--  MC statisticsMC statistics
--  background shapebackground shape
--  ……..

Model dependent:Model dependent:
--  form factorsform factors
--  inclusion / exclusion of some resonant statesinclusion / exclusion of some resonant states
--  uncertainty in the shape ofuncertainty in the shape of  component amplitudescomponent amplitudes
--  ……....

DD00 / D / D00 cross-feed: cross-feed:

Take into account the correlationsTake into account the correlations  among among Legendre Legendre polynomialpolynomial
moments of different orders in each binmoments of different orders in each bin

Also:Also:
There are some discrete ambiguitiesThere are some discrete ambiguities  in the asymmetry measurement.in the asymmetry measurement.
Fortunately, this can be resolved in a straightforward way in most cases.Fortunately, this can be resolved in a straightforward way in most cases.

Plus:Plus:

Similar to the ones inSimilar to the ones in
the original DP analysisthe original DP analysis

Tabulate the systematic uncertainty for different levels of cross-feedTabulate the systematic uncertainty for different levels of cross-feed

DD00 and D and D00 may have slightly may have slightly
different coefficientsdifferent coefficients

––

––
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 CPV with present sensitivity would signal new physics.
  D0→π-π+π0, K-K+π0 sensitive to asymmetry in amplitude and phase

for CP eigenstates and flavor states.
 Model independent methods show no evidence of CPV in either

decay modes.
 Model dependent measurements of asymmetry in the amplitudes

and phases show no CPV either.
 Phase-space-integrated asymmetry consistent with 0.
 These results do not contradict SM.
 Can provide constraints on some theories beyond SM.

 Summary on CPV in Charm Decays Summary on CPV in Charm Decays


