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CKM MatrixCKM Matrix
Elements of the  Elements of the  CCabibboabibbo--KKobayashiobayashi--MMaskawaaskawa matrixmatrix
describe  transitions  between  up  and  down quarksdescribe  transitions  between  up  and  down quarks
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CKM & CPV Around The WorldCKM & CPV Around The World
Major experiments, ongoing or recently endedMajor experiments, ongoing or recently ended

CLEO-c

Charm experiments

Tevatron (t, b) 

0+ 0+

Nuclear exp.

E787/949

KEK E391aNA48

Kaon experiments

e+ee+e-- B factoriesB factories
(b, c, (b, c, ττ))
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AsymmetricAsymmetric--Energy B FactoriesEnergy B Factories
ee++ee-- => Y(4S) => BB=> Y(4S) => BB

2M2MBB≈≈MMY(4S)Y(4S) B mesons are (almost) at rest in the Y(4S) restB mesons are (almost) at rest in the Y(4S) rest
frame.frame.

Must be able to measure time difference between B and B decaysMust be able to measure time difference between B and B decays
(distance between B and B decay vertices).(distance between B and B decay vertices).

asymmetric energy collisionsasymmetric energy collisions
good vertex detectorgood vertex detector

Must be able to distinguish between  B and B  decays (flavor taMust be able to distinguish between  B and B  decays (flavor tag)g)
good particle identification capabilitygood particle identification capability

The goal is to measure asymmetry in decays of  B and B mesonsThe goal is to measure asymmetry in decays of  B and B mesons
(~10%) with reasonable accuracy (~10%). The relevant BF~10(~10%) with reasonable accuracy (~10%). The relevant BF~10--66

with reconstruction efficiency of ~20% with reconstruction efficiency of ~20% 
~10~1088 of B mesons requiredof B mesons required

--

--

--
--
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PEPPEP--II at SLACII at SLAC

KEKB at KEKKEKB at KEKBBAABBARAR

9GeV (e9GeV (e--) ) ×× 3.1GeV (e3.1GeV (e++))
LLpeakpeak = 1.12= 1.12××10103434cmcm−−22ss−−11

AsymmetricAsymmetric--Energy B FactoriesEnergy B Factories

8GeV (e8GeV (e--) ) ×× 3.5GeV (e3.5GeV (e++))
LLpeakpeak = 1.71= 1.71××10103434cmcm−−22ss−−11

world record !world record !
11 nations, 11 nations, 
80 institutes, 80 institutes, 

~600 persons~600 persons

13 countries, 13 countries, 
57 institutes,57 institutes,

~400 persons~400 persons

BelleBelle
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SC solenoid 1.5TSC solenoid 1.5T

CsI(TlCsI(Tl) 16) 16XX00

TOF counterTOF counter

8 8 GeVGeV ee--

SiSi vtxvtx. . detdet..
3(4) layers3(4) layers

μμ//KKLL detectiondetection
14/15 14/15 lyrlyr. RPC+Fe. RPC+Fe

Tracking + Tracking + dE/dxdE/dx
small cell + He/Csmall cell + He/C22HH55

3.5 3.5 GeVGeV ee++

AerogelAerogel CherenkovCherenkov cntcnt..
n=1.015~1.030n=1.015~1.030

Belle DetectorBelle Detector

(8186 counters)(8186 counters) Details on the Details on the BaBarBaBar detector will bedetector will be
given in the next talk by Mark given in the next talk by Mark ConveryConvery
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Belle Vertex DetectorBelle Vertex Detector

In 2004 SVD has been upgraded from 3 to 4In 2004 SVD has been upgraded from 3 to 4
layer setup.layer setup.

SVD1 SVD2

BaBarBaBar’’ss SVTSVTBelleBelle’’s SVDs SVD

Vertex resolution:Vertex resolution:
σσZZ≈≈120um120um

Vertex resolution:Vertex resolution:
σσZZ≈≈150um150um

Average B flight: Average B flight: τβγτβγ~200~200μμmm
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Particle Identification: Particle Identification: BaBarBaBar
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Particle Identification: BelleParticle Identification: Belle

p/K/π separation
is based on
Likelihood ratio:

LR(K)=
L(K)+L(π)
L(K)



CPV & CKM Physics at BCPV & CKM Physics at B--Factories            Factories            •• AlexeyAlexey Garmash           Garmash           •• April 14April 14--17, 200717, 2007 1010

PEP-II
for BaBar

July 2006
KEKB
for Belle

KEKB + PEP-II

~ 1 Billion BB pairs
710/fb (Jan 07)710/fb (Jan 07)

391/fb (Jan 07)391/fb (Jan 07)

B FactoriesB Factories
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||VVijij|| ResultsResults
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Inclusive/Exclusive semileptonic B decays: B Inclusive/Exclusive semileptonic B decays: B XXccllνν

||VVcbcb||

3 independent parameters3 independent parameters

EEll: lepton energy: lepton energy
qq22: lepton: lepton--neutrino mass squaredneutrino mass squared
MMxx: hadronic mass: hadronic mass
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||VVcbcb|: Summary|: Summary
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In principle, simple measurement ofIn principle, simple measurement of rate rate ∝∝ |V|Vubub||22
But huge rate of But huge rate of semileptonicsemileptonic bb→→cc

InclusiveInclusive BB→→XXuull++ννll
Use high momentum lepton (Use high momentum lepton (““endpointendpoint””), ), XXuu mass (or both)mass (or both)
Need to correct forNeed to correct for missing partsmissing parts of spectraof spectra

ExclusiveExclusive BB0/+0/+→→ππ−−/0/0ll++ννll
Correct BCorrect B++ decays for lifetime differencedecays for lifetime difference
Need to includeNeed to include form factorform factor ff++(q(q22=m=mllνν

22) for ) for BB→→ππ transitiontransition

| | VVubub| Method| Method
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Representative theory example (BLNP)Representative theory example (BLNP)

BLNP: Lange, BLNP: Lange, NeubertNeubert, Paz (2005), Paz (2005)
DGE: Anderson, DGE: Anderson, GardiGardi (2006)(2006)
LLR: LLR: LeibovichLeibovich, Low, Rothstein (2006), Low, Rothstein (2006)

Room for some experimental statistical improvementRoom for some experimental statistical improvement

| | VVubub| Inclusive| Inclusive
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Using theoretical form factorsUsing theoretical form factors

Experiments starting to measure Experiments starting to measure 
form factor shape from data; allows form factor shape from data; allows 
elimination of some theory modelselimination of some theory models

Theoretical errors dominateTheoretical errors dominate

| | VVubub| Exclusive| Exclusive
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METHOD 1METHOD 1

Loop diagramLoop diagram

Vts

W −

u,c, t
b s

γ

s,d

BF(B → (ρ / ω )γ )
BF(B → K *γ )

=
Vtd

Vts

2 mB
2 − mρ

2

mB
2 − mK *

2

⎛

⎝⎜
⎞

⎠⎟

3

ζ 2 1+ ΔR( )

Light Cone Sum Rules

Caveat: Assumes Caveat: Assumes unitarityunitarity

Vtd

Vts ργ

= 0.197−0.018
+0.019 (exp) ± 0.015(th)

BaBarBaBar + Belle (10+ Belle (10--66):):

MMbcbc(GeV/c(GeV/c22))

BelleBelle

||VVtdtd| & || & |VVtsts||

ΔR = 0.1±0.1
Ali, Lunghi, Parkhomenko, PLB 595, 323 (2004)

well measured 
by BaBar & Belle 
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METHOD 2METHOD 2

Box diagramsBox diagrams

BaBarBaBar CDFCDF

Limits precision on 
|Vtd|, |Vts| to ~ 10%
Limits precision on 
|Vtd|, |Vts| to ~ 10%

LQCDLQCD

(Okamoto, hep-lat/0510113)

|Vtd| = (7.4 ± 0.8) x 10-3|Vtd| = (7.4 ± 0.8) x 10-3

||VVtdtd| & || & |VVtsts||
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(~4% accuracy)(~4% accuracy)

CDF (2006)

METHOD 2:METHOD 2: Box diagramsBox diagrams

||VVtdtd| & || & |VVtsts||
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CPV ResultsCPV Results
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UnitarityUnitarity TriangleTriangle

VVcbcb

VVubub

VVtstsVVtdtd VVtbtb

VVcdcd VVcscs

VVudud VVususV =V =

+ + VVtdtd+ + VVcdcdVVudud V*V*cbcbV*V*ubub V*V*tbtb =  =  00

fromfrom UnitarityUnitarity β(φβ(φ11))γ(φγ(φ33))

α(φα(φ22))

VV udud
VV

** ubub VV
tdtd VV **

tbtb

VVcdcdVV**
cbcb

Triangle Triangle on a complex planeon a complex plane

(B) (B) UnitarityUnitarity TriangleTriangle

λλ33 λλ33 λλ33
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TimeTime--dependent CP violation (dependent CP violation (tCPVtCPV))
Golden mode:Golden mode: BB00→→J/J/ψψKK; high rate, theoretically clean; high rate, theoretically clean

Decay amplitudeDecay amplitude
No weak phaseNo weak phase

Note:Note: true fortrue for anyany BB00 decay with no phase from decay amplitudedecay with no phase from decay amplitude

Measurable relative phase =Measurable relative phase = eei2i2ββ

++B0 J/ψK

B0e−i2β

ei0

e−i0

Two Vtd verticesTwo Two VVtdtd vertices      evertices      e−−i2i2ββ
Mixing amplitudeMixing amplitude
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βγβγ = 0.425 (Belle)= 0.425 (Belle)
0.56 (BaBar)0.56 (BaBar)

TimeTime--dependent CP violationdependent CP violation

Δt ≈ Δz
βγ c

CP-side

Flavor tag sideFlavor tag sideFlavor tag side

1. Fully reconstruct one B-meson which decays to CP eigenstate fCP
2. Tag-side determines its flavor (effective efficiency = 30%)
3. Proper time (Δt) is measured from decay-vertex difference (Δz)

e- e+

ϒϒ(4S)(4S) BB11

BB22

μμ++
ππ--KK

++
ππ--

0
D

νμ

Δz
B0

B0
_

fCP
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Mixing-induced CPV Direct CPV

for  J/ψ Ks:
S = −ξCP sin2φ1 = +sin2φ1
A = 0

to a very good approximation
(ξCP : CP eigenvalue)

for  J/for  J/ψψ Ks:Ks:

S S = = −−ξξCP CP sin2sin2φφ11 = +sin2= +sin2φφ11
A A = 0= 0

to a very good approximationto a very good approximation
((ξξCPCP : CP eigenvalue): CP eigenvalue)

TimeTime--dependent CP violationdependent CP violation
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sin2sin2ββ history (1998history (1998--2005)2005)

BelleBelle BaBarBaBar

WAWA

D
is

co
ve

ry
 o

f 
C

PV
 

in
 t

he
 B

 s
ys

te
m

β:β: bb→→ccsccs--
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In general, new physics contains new sources of flavor mixing
and CP violation. 

In SUSY models, for example, SUSY particles contribute to the In SUSY models, for example, SUSY particles contribute to the bb→→ss
transitiontransition, and their CP phases change CPV observed in , and their CP phases change CPV observed in BB→→φφKK, , ηη’’KK etcetc..

SMSM

SM onlySM only

0.20.2
0.40.4

0.60.6
0.80.8

ASUSY
ASM

|            |
In general,  if SUSY  is present,  the squark
mixing matrix contains complex phases just
as in the Kobayashi-Maskawa matrix.

ββ:: bb→→sqqsqq--

SUSY contributionSUSY contribution
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ββ:: bb→→sqqsqq--

Even in the SM slight shift in sin2Even in the SM slight shift in sin2ββ measured in measured in bb→→ss dominateddominated
decays is expected due todecays is expected due to

bb→→uu tree contaminationtree contamination
Im(VIm(Vtsts))≠≠0 at 0 at OO((λλ44))
final state final state rescatteringrescattering

Short distance effectShort distance effect
QCDF:QCDF:
BenekeBeneke, PLB 620, 143 (2005), PLB 620, 143 (2005)
Cheng, Chua, Yang, PRD 73, 014017 (2006)Cheng, Chua, Yang, PRD 73, 014017 (2006)
pQCDpQCD::
MishimaMishima, , SandaSanda, PRD 72, 114005 (2005), PRD 72, 114005 (2005)
SCET:SCET:
Williamson, Williamson, ZupanZupan, PRD 74, 014003 (2006), PRD 74, 014003 (2006)

Long distance effect (is small)Long distance effect (is small)
Cheng, Chua, Cheng, Chua, SoniSoni, PRD 72, 014006 (2005), PRD 72, 014006 (2005)

00 0.10.1 0.20.2−−0.10.1

ΔΔsin2sin2φφ11

QCDF
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Smaller than in
b ccs in  all 9
modes while
theory predicts
positive shift

Smaller than inSmaller than in
bb ccsccs in  all 9in  all 9
modes whilemodes while
theory predictstheory predicts
positive shiftpositive shift

Naïve average of all b s modes
sin2βeff = 0.52 ± 0.05
2.6 σ deviation between
penguin and tree
(b s) (b c)

NaNaïïve average of all b ve average of all b s modess modes

sin2sin2ββeffeff = 0.52 = 0.52 ±± 0.050.05
2.6 2.6 σσ deviation betweendeviation between
penguin and treepenguin and tree
(b (b s)s) (b (b c)c)
More statistics crucial for modeMore statistics crucial for mode--byby--mode studiesmode studies

ββ:: bb→→sqqsqq--
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αα: : BB ππππ
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αα: : BB ππππ
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inputs
B(π+π0) = (5.75 ±0.42) x 10-6

B(π+π-) = (5.20 ±0.25) x 10-6

B(π0π0) = (1.30 ±0.21) x 10-6

A(π0π0) = +0.35 ±0.33
S(π+π-)  = −0.59 ± 0.09
A(π+π-) = +0.39 ± 0.07

inputsinputs
BB((ππ++ππ00) = (5.75 ) = (5.75 ±±0.42) x 100.42) x 10--66

BB((ππ++ππ--) = (5.20 ) = (5.20 ±±0.25) 0.25) xx 1010--66

BB((ππ00ππ00) = (1.30 ) = (1.30 ±±0.21) x 100.21) x 10--66

AA((ππ00ππ00) = +0.35 ) = +0.35 ±±0.330.33
SS((ππ++ππ--)  = )  = −−0.59 0.59 ±± 0.090.09
AA((ππ++ππ--) = +0.39 ) = +0.39 ±± 0.070.07

No useful constraintNo useful constraint
is obtained  with  is obtained  with  ππππ
system alonesystem alone

need need ρρρρ and and ρπρπ

αα:: BB ππππ
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αα:: BB ρπρπ ππππππ
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Relatively large BF withRelatively large BF with

Small bSmall b-->d penguin contribution:>d penguin contribution:

fortunately, longitudinal polarizationfortunately, longitudinal polarization
dominatesdominates

αα:: BB ρρρρ

fflonglong =  0.977=  0.977±±0.0240.024 BaBarBaBar+ 0.015+ 0.015
−− 0.010.0133

0.941          0.941          ±±0.0300.030 Belle    Belle    + 0.034+ 0.034
−− 0.0400.040

CP(CP(ρρ++ρρ−−) = +1) = +1

ππ++ππ−− 5.25.2±±0.20.2 ρρ++ρρ−− 2323±±44

ππ++ππ00 5.75.7±±0.40.4

1.31.3±±0.20.2
ρρ++ρρ00

ππ00ππ00

1818±±33

ρρ00ρρ00 1.21.2±±0.50.5

Branching Branching 
fractions fractions 
((××101066))

ZupanZupan, hep, hep--ph/0701004ph/0701004

Amplitude Penguin/TreeAmplitude Penguin/Tree

IsospinIsospin
SU(3)SU(3)
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BaBarBaBar + Belle+ Belle

αα//φφ22 = [100    ]= [100    ]°°+15+15
−− 99

Consistent with aConsistent with a
global fit w/o global fit w/o αα//φφ22

αα: Summary: Summary

ααFitFit =  [98     ]=  [98     ]°°+ 5+ 5
−−1199
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γ : γ : MethodMethod

ββγγ
ααVVududVV**

ubub VVtdtdVV**
tbtb

VVcdcdVV**
cbcb

Interference between Interference between two tree level two tree level amplitudesamplitudes

GWLGWL ((GronauGronau--WylerWyler--LondonLondon):       ):       ffCOMCOM –– CP CP eigenstateseigenstates ((ππ++ππ−−, , KK00ππ00, Κ, Κ++ΚΚ−−, ...), ...)

ADSADS (Atwood(Atwood--DunietzDunietz--SoniSoni):          ):          ffCOMCOM –– flavor specific (flavor specific (KK++ππ--, , ΚΚ++ππ--ππ++ππ--, ..., ...))

GGSZGGSZ ((GiriGiri--GrossmanGrossman--SofferSoffer--ZupanZupan):   ):   ffCOMCOM –– multibodymultibody (K(K00ππ++ππ--, Κ, Κ++ΚΚ−−ππ++ππ−−, ...), ...)
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γγ: GWL & ADS: GWL & ADS



CPV & CKM Physics at BCPV & CKM Physics at B--Factories            Factories            •• AlexeyAlexey Garmash           Garmash           •• April 14April 14--17, 200717, 2007 3737

γγ: GGSZ: GGSZ
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γγ: GGSZ: GGSZ

3 modes combined:3 modes combined: γγ ==5353+15+15
--1818±±33(syst)(syst)±±99(model)(model)°°

CPV significance: 78%CPV significance: 78% 88° ° < < γ γ < < 111111° ° (2σ interval)(2σ interval)

DK:    DK:    rrBB = 0.159= 0.159+0.054+0.054
--0.050 0.050 ±±0.012(syst)0.012(syst)±±0.049(model);  0.049(model);  δδ = (146= (146+19+19

--2020))ºº
D*K:  D*K:  rrBB = 0.175= 0.175+0.108+0.108

--0.099 0.099 ±±0.013(syst)0.013(syst)±±0.049(model);  0.049(model);  δδ = (302= (302+34+34
--3535))ºº

DK*:  DK*:  rrBB = 0.564= 0.564+0.216+0.216
--0.155 0.155 ±±0.041(syst)0.041(syst)±±0.084(model);  0.084(model);  δδ = (243= (243+20+20

--2323))ºº

φφ33==6666+19+19
--2020°(stat)°(stat)

φφ33==8686+37+37
--9393°(stat)°(stat)

φφ33==1111+23+23
--5757°(stat)°(stat)

BB±± →→ D KD K±±

BB±± →→D*KD*K±±

BB±± →→DK*DK*±±
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γγ: Summary: Summary

γγ//φφ33 = [62    ]= [62    ]°°+35
−25



CPV & CKM Physics at BCPV & CKM Physics at B--Factories            Factories            •• AlexeyAlexey Garmash           Garmash           •• April 14April 14--17, 200717, 2007 4040

UT: Global Fit (2006)UT: Global Fit (2006)

Good overall agreement. O(1) new physics unlikely. Good overall agreement. O(1) new physics unlikely. 
Need to be able to detect O(0.1) effects as the next step.Need to be able to detect O(0.1) effects as the next step.
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Prospects for The FutureProspects for The Future

BaBarBaBar and Belle onlyand Belle only half wayhalf way
Both aiming for aroundBoth aiming for around 1ab1ab−−11 each over next two yearseach over next two years

Some measurements are clearlySome measurements are clearly statistics limitedstatistics limited
Sin2Sin2ββ//φφ11 bb→→ccsccs vs. vs. bb→→ssssss comparisoncomparison
other angle measurementsother angle measurements

VVubub is mainlyis mainly theory limitedtheory limited
Some experimental improvements possibleSome experimental improvements possible
Theory error can be reduced but with substantial workTheory error can be reduced but with substantial work

More data also bringsMore data also brings new techniquesnew techniques and and decay modesdecay modes
Improvements better thanImprovements better than √√NN can be expected can be expected 

- -
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