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CKM and CP AsymmetryCKM and CP Asymmetry

CP{CP{                      } =             } =             ≠≠                        ((hermitian hermitian conjugate)conjugate)  
Complex coupling constant is CP-violatingComplex coupling constant is CP-violating

f f’g f’ fg f’ fg*

complex
preserves metric

“  orthogonality
≡ unitary

      d’   s’  b’

u   1   0  0
c   0   1  0
t   0   0  1

gF x
so that 

W-couplings are
generation-conserving

Cabibbo-Kobayashi-Maskawa (CKM) matrix

d'd'
s'  s'  ==
b'b'

dd
ss
bb

{weak<->mass} eigenstates

      d   s  b

u  Vud  Vus Vub

c  Vcd  Vcs Vcb

t  Vtd  Vts Vtb

BUT to BUT to observeobserve CP asym, need CP asym, need  2+ interfering amplitudes {T,P}:2+ interfering amplitudes {T,P}:
T=gAT=gA,,P=gP=g’’AA’’  ->->  ||gAgA++gg’’AA’’||       | |gAgA*+*+gg’’AA’’*|*|

Equal only if Equal only if relative phaserelative phase of g, of g,gg’’=0=0
CPCP

+ in 3-d,
irreducibly

complex
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3-generation CKM3-generation CKM

B-factories: measure angles, test self-consistency of CKM

Vub*Vud
Vcb*Vcd

Vtb*Vtd
Vcb*Vcd

+ 1 + = 0=>

{i=1,k=3}: Vub*Vud+Vcb*Vcd+Vtb*Vtd=0

"unitarity triangle"

V  V*

 V  V *   cd  cb

ud  ub

V  V*

 V  V *   cd  cb

td   tb
(!)

(")(#)

-(ρ+ιη) -(1-ρ−ιη)

VVjiji
**VVjkjk==δδikik

Unitarity conditions -> 4 free parameters

irreducibly
complex!

   1!"2/2      "     "3A(#!i$)
       !"        1!"2/2   "2A

"3A(1!#!i$)  !"2A    1

explicit parametrization(Wolfenstein):

 from decay rates,
λ = 0.220 ± 0.002
A = 0.81 ± 0.08
|ρ−ιη| = 0.36 ± 0.09
|1−ρ−ιη| = 0.79 ± 0.19
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Observable CP asymmetriesObservable CP asymmetries

Bottom line: CP-dependent oscillation in time:Bottom line: CP-dependent oscillation in time:
CP asymmetry from x-term(s) - no theoretical uncertainty: ∝ arg(Vtd

2) = 2φ1

well-well-
measuredmeasured

identical identical hadronic hadronic processesprocesses

-> to observe, need process w. all 3 generations (<-> to observe, need process w. all 3 generations (<–– B decays),  B decays), 
        interference between ≥2 processes

BB

∝VVcbcb
**VVcscs

c

c

}Ks

J/!

s

e.g., B -> J/ψ Ks(Sanda/Bigi/Carter)

 tree (real Vij) ∝VVtbtb
*2*2VVtdtd

22VVcbcbVVcscs
**

c
c

s
}Ks

J/!

mixing+tree (∝Vtd
*2)
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B production:B production:

} B} B
!(4S)

BB thresholdBB threshold

ee-- ee++

ϒϒ(4S)(4S)
CP=CP=––1, 1, 

conservedconserved

ΔΔt by asymmetrict by asymmetric energy energy e e++ee-- ->  -> ϒϒ(4S(4S))
(symmetric (symmetric ϒϒ(4S): CLEO 1979-2001)(4S): CLEO 1979-2001)

flavor tag flavor tag @t=@t=00: e, µ, K: e, µ, K±±, ..., ...
effective effective eff eff ~30%~30%

CP mode CP mode @ @ t=t=ΔΔtt
BR < 10BR < 10––33

t=0t=0

first B decay first B decay 
(t=0), break CP(t=0), break CP

BB22

BB11

ΔΔzz≈≈ΔτβγΔτβγcc
~200 µm~200 µm

2nd decay 2nd decay 
at at t=t=ΔΔtt

<<200µm <<200µm vertexingvertexing

Experimental design:Experimental design:
hadron hadron (K/(K/ππ), lepton ID), lepton ID

statistics >>10statistics >>1077 events events
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βγβγ  = 0.425= 0.425

KEKB & BelleKEKB & Belle

8.0 8.0 GeVGeV

3.5 
3.5 GeVGeV

22 22 mrmr
•• LLmaxmax  = 1.53 X 10= 1.53 X 103434 cm cm––22ss––11 (world record) (world record)
•• Data (6/1999Data (6/1999––4/2005)4/2005)
•• ∫∫LLdt dt = 420 = 420 fbfb––11@@{{ϒϒ(4S)+off(~10%)}(4S)+off(~10%)}
•• (>4.2x10(>4.2x1088 B events) B events)

Charged Charged tracking/vertexingtracking/vertexing
•• SVD: SVD:
 (-7/03) 3-layer DSSD  (-7/03) 3-layer DSSD Si Si µstripµstrip
  (8/03-) 4-layer(8/03-) 4-layer
•• CDC: 50 layers (He-ethane) CDC: 50 layers (He-ethane)
Hadron Hadron identificationidentification
•• CDC:  CDC: dE/dxdE/dx
•• TOF: time-of-flight TOF: time-of-flight
•• ACC: Threshold  ACC: Threshold Cerenkov Cerenkov 

((aerogelaerogel))
Electron/photonElectron/photon
•• ECL:  ECL: CsI CsI calorimetercalorimeter
Muon/KMuon/KLL
•• KLM: Resistive plate  KLM: Resistive plate 

counter/ironcounter/iron

~13 nations, 57 institutes, ~400 persons

SVD1: 152M B pairs
SVD2: 123M+
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PEP-II & PEP-II & BabarBabar
βγβγ  = 0.425= 0.425•• LLmaxmax  ==  9.2 X 109.2 X 103333 cm cm––22ss––11

•• Data (1999Data (1999––4/2005)4/2005)
•• ∫∫LLdt dt ==  250 250 fbfb––11@@{{ϒϒ(4S)+off(~10%)}(4S)+off(~10%)}
•• (>2.5x10(>2.5x1088 B events) B events)

Charged Charged tracking/vertexingtracking/vertexing
•• 5-layer DSSD  5-layer DSSD Si Si µstripµstrip
•• 40 layers ( 40 layers (He-isobutaneHe-isobutane))
Hadron Hadron identificationidentification
•• tracker:  tracker: dE/dxdE/dx
•• DIRC imaging  DIRC imaging Cerenkov Cerenkov 
Electron/photonElectron/photon
••  CsI CsI calorimetercalorimeter
Muon/KMuon/KLL
•• Instrumented flux return Instrumented flux return

~11 nations, 80 institutes, ~650 persons
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time-dependent CP analysis: overviewtime-dependent CP analysis: overview

1) CP final state reconstruction1) CP final state reconstruction

σ~3MeV/c2

σ~10-50 MeV

Signal regionSignal region

ΔE

Mbc

exploit exploit 
    •• exclusive pair production of B exclusive pair production of B
    •• narrow resolution of collision energy narrow resolution of collision energy

ΔE =E*cand–E*beam=0 (E*beam=s 1/2/2)
σ~10-50 MeV, depending on mode 
Mbc (Beam-constrained mass) 

Mbc=(E*beam
2-p*cand

2 )1/2

2) Flavor tagging: 2) Flavor tagging: sign of other bsign of other b

bb cc ss
ll-- ll++

KK––D0π+D*+

oror  ππ––

all remaining particles in the eventall remaining particles in the event
• high-p lepton (p*>1.1 GeV): b->l-
• net K charge b->K–

• medium-p lepton, b->c-> l+
• soft π b->c{D*+->D0π+}
• hard π b->{c}π–X
multidimensional likelihood, ε>99%
incorrect tag reduces ε, net (28.7±0.5)%

(Belle)(Belle)
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time-dependent CP analysis: overviewtime-dependent CP analysis: overview

5) Fit to 5) Fit to ΔΔt distribution:t distribution:
      unbinned unbinned maximum likelihoodmaximum likelihood

4) Vertex reconstruction4) Vertex reconstruction
ΔΔt~t~Δz/βγc  

µ-

K-
K-

µ+

Δz

zz

3) Continuum suppression:3) Continuum suppression:
  event parameters (  event parameters (““shapeshape””))
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ρ

η

φ1

average:
sin2φ1= 0.726±0.037

B->{B->{CharmoniumCharmonium}+K}+K(*)0(*)0 ->  -> sin2sin2φφ11

5417 evts

Poor tags

Good tags

rawraw
visible in
raw data

BelleBelle Belle 140 fb–1 PRD71, 072003 (2005)
sin2φ1= 0.728±0.056±0.023

Babar 227 M evts hep-ex/0408127
sin2φ1= 0.722±0.040±0.023

consistent w
zero direct CP asym
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sin2sin2φφ11 in time-dependent  in time-dependent b-b->s >s ––  or new physics?or new physics?

modes dominated by modes dominated by b-b->>sqq sqq penguinspenguins

in the absence of New Physics, S = sin2φ1

Theoretically cleanest
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Reconstruction of Reconstruction of b-b->>sqqsqq

253 253 fbfb––11

KKSSKKSSKKSS

CP = +1CP = +1
(angular(angular
analysis)analysis)
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Time-dependent CP asymmetry:Time-dependent CP asymmetry:

Projected fitProjected fit

SM expectationSM expectation

good tagsgood tags
poor tagspoor tags

KKSSKKSSKKSS

(Belle)
hep-ex/0409049
hep-ex/0503023

(Babar)  hep-ex/0502017
hep-ex/0408090 hep-ex/0502019
hep-ex/0408095 hep-ex/0503011
hep-ex/0502013 hep-ex/0503018
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Average Average ““sin2sin2φφ11”” from  from b-b->s>s penguins penguins

sin2φ1(b->sqq) =
    0.39 ± 0.11 (Belle) 
    0.45 ± 0.09 (BABAR) 

Compare with ccs:
sin2φ1(b->ccs) = 0.726 ± 0.037

CL = 2.1×10-4 (3.7σ)

World Average 
sin2φ1(b->sqq)= 0.43 ± 0.07

(excluding KSKSKS, f0Ks)
0.44 ± 0.08

• statistics?
• experimental systematics?
• theory corrections?
• new physics?
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Average Average ““sin2sin2φφ11”” from  from b-b->s>s penguins penguins

sin2φ1(b->sqq) =
    0.39 ± 0.11 (Belle) 
    0.45 ± 0.09 (BABAR) 

Compare with ccs:
sin2φ1(b->ccs) = 0.726 ± 0.037

CL = 2.1×10-4 (3.7σ)

World Average 
sin2φ1(b->sqq)= 0.43 ± 0.07

(excluding KSKSKS, f0Ks)
0.44 ± 0.08

• statistics?
• experimental systematics?
• theory corrections?
• new physics?
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sin2sin2φφ22: B: B00->->ππ++ππ––

∝VVubub
**VVudud

b

d

W

u
u

!+

d
!–

2 paths, each 2 paths, each w/wo w/wo mixing:mixing:
1) Tree (T)1) Tree (T)

b

d

W

u

u

!+

d
!–

2) Penguin (P)2) Penguin (P)

∝VVtbtb
**VVtdtd

•• if P, T comparable,  if P, T comparable, AACPCP may include  may include direct CP violationdirect CP violation

+ with mixing+ with mixing
∝VVububVVud ud 

**xVxVtbtb
*2*2VVtdtd

22

AAππππ≠0≠0, , SSππππ~sin~sin(2(2φφ22+2+2θθ))••2/(|2/(|λλ||22+1)+1)

difference ofdifference of
strong phasestrong phase

≠1≠1 if direct CP if direct CP
violationviolation

V  V*

 V  V *   cd  cb

ud  ub

V  V*

 V  V *   cd  cb

td   tb
(!)

(")(#)•• if T dominates, -> if T dominates, ->  sin2sin2φφ22, as w J/, as w J/ψψ  KKSS

φ2 =argVVtdtdVVtbtb
**

––VVududVVubub
**
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sin2sin2φφ22: B: B00->->ππ++ππ––

High quality tags (LR>0.86. 0.5<r<1.0)High quality tags (LR>0.86. 0.5<r<1.0)

NNππππ=107±13=107±13 NNππππ=69±11=69±11

An observable time-integrated asymmetry hep-ex/0502035
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sin2sin2φφ22: B: B00->->ππ++ππ––

A = +0.58±0.12±0.06A = +0.58±0.12±0.06
S = S = ––0.67±0.16±0.060.67±0.16±0.06

LR>0.86LR>0.86

hep-ex/0502035 275M B evts

-A=C = -A=C = ––0.09±0.15±0.040.09±0.15±0.04
S = S = ––0.30±0.17±0.030.30±0.17±0.03

hep-ex/0408090 227M B evts
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sin2sin2φφ22: B: B00->->ππ++ππ––

Validation of resultsValidation of results
••  lifetimelifetime
•• sidebands sidebands
•• K Kππ  lifetime, mixing, CP asymmetrylifetime, mixing, CP asymmetry
•• many  many subsamples subsamples –– consistent results consistent results
•• time-integrated asymmetry time-integrated asymmetry
•• statistics  statistics –– ensemble simulation study ensemble simulation study
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sin2sin2φφ22: B: B00->-> ρ ρ++ρρ–– hep-ex/0  2 M B evts

CP depends on polarization
  Longitudinal: CP = +1
  Transverse: CP mixed

CP fit includes helicity:
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Constraints on Constraints on φφ22
Gronau Gronau & & RosnerRosner, PRD 65, 093012 (2002), PRD 65, 093012 (2002)

Known: sin2Known: sin2φφ11 =0.726±0.037 =0.726±0.037
Unknown: |P/T|, Unknown: |P/T|, δ, φδ, φ22  
New constraints: A, S -> New constraints: A, S -> φφ2 2 not fully constrained (CL contours)not fully constrained (CL contours)
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φφ22: : isospin isospin relationsrelations
Gronau Gronau & London, PRL 65, 3381 (1990)& London, PRL 65, 3381 (1990)

Isospin-related Isospin-related final states, different T, P content :final states, different T, P content :

 (pure T)

-> solve & disentangle:-> solve & disentangle:

+ + ππ++ππ––,,ππ00ππ00 CP asymmetries CP asymmetries

Also applies to Also applies to ρρρρ
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φφ22: : isospin isospin relationsrelations

χχ22 analysis  analysis to constrain to constrain φφ22

(hep-ph/0406184)(hep-ph/0406184)
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φφ33::
A. A. BondarBondar, Belle internal (2003), Belle internal (2003)
Giri Giri et al, PRD 68, 054018 (2003)et al, PRD 68, 054018 (2003)

from continuum Dfrom continuum D00

ΑλΑλ22

ΑλΑλ33(ρ−ιη)(ρ−ιη)

λλ

1−λ1−λ22/2/2

*

*
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φφ33::
Belle: hep-ex/0411049 253 Belle: hep-ex/0411049 253 fbfb––11

BabarBabar: hep-ex/0504039: hep-ex/0504039 227 M B  227 M B evtsevts

Dalitz Dalitz plots -plots -  
unbinned unbinned ML fitML fit  for for φφ33, , δδ, r, r

BB++->DK->DK BB––->DK->DK

Results forResults for
    B->DKB->DK
    B->DB->D**KK
    B->DKB->DK** (K (K**->K->KSSππ++))
X±(stat)±(sys)±(D model)±(X±(stat)±(sys)±(D model)±(nonresonant bgnonresonant bg))

Belle averageBelle average
(excl DK*)(excl DK*)::
(68±15±13±11)°(68±15±13±11)°

Babar Babar average:average:
(70±26±10±10)°(70±26±10±10)°
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||VVtdtd/V/Vtsts|: |: b-b->d>dγγ/b-/b->s>sγγ
Belle: hep-ex/0408137Belle: hep-ex/0408137
BabarBabar: PRL 94, 011801 (2005): PRL 94, 011801 (2005)

274 M B 274 M B evts evts (1.9(1.9σσ))
||VVtdtd/V/Vtsts|<0.21 (90% CL)|<0.21 (90% CL)

221 M B 221 M B evts evts (2.1(2.1σσ))
||VVtdtd/V/Vtsts|<0.19 (90% CL)|<0.19 (90% CL)

Ratio -> smaller theory error ~10%Ratio -> smaller theory error ~10%

||VVtdtd/V/Vtsts|=|=λ|1−ρ−ιη|λ|1−ρ−ιη|

=>=>  |1−ρ−ιη|  |1−ρ−ιη|  <0.86<0.86  
          (90%CL)(90%CL)
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SummarySummary

B Factories 1999-2005:B Factories 1999-2005:
•• Total > 6.5 x 10 Total > 6.5 x 1088 B pairs, results on ~ 5 x 10 B pairs, results on ~ 5 x 1088

•• sin2 sin2φφ1 1 via via ψψKK(*)0(*)0  to ±5%to ±5%
•• alternative probes of sin2 alternative probes of sin2φφ11–– sensitive to new physics sensitive to new physics

penguin-dominated B -> penguin-dominated B -> sqq sqq -- suggestive! suggestive!
•• sin2 sin2φφ22 - direct CP violation, - direct CP violation,  π/ρπ/ρ  modes -> ±20°modes -> ±20°
••  φφ33::  firstfirst  constraints -> ±20°constraints -> ±20°
••  possible hints of possible hints of b-b->d>dγγ    (+ other CKM) ->(+ other CKM) ->
      higher precision onhigher precision on sides sides
NextNext
•• summer summer  2005 >450 2005 >450 fbfb––11  Belle, Belle, >300 >300 fbfb––11 Babar Babar
••  multiple modes, techniquesmultiple modes, techniques
-> improving precision on angles -> improving precision on angles andand sides; sides;
          CKM challenge is heating up - stay tuned!CKM challenge is heating up - stay tuned!




