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1 Introduction

Oneof themostimportantopenquestionsin particlephysicsistheoriginofCP violation.

CP violation is a necessaryingredientto createa matter-antimatterasymmetryfrom a

symmetricmatter-antimattersituationshortlyafterthebig bang.1 However, theamount

of CP violationthatis consistentwith thecurrentmeasurementsin theK andB meson

systemscannotaccountfor thematter-antimatterasymmetryof theuniverse.2,3 Sources

of CP violationbeyondtheStandardModelareneededto accountfor thatasymmetry.

Accordingto theStandardModel,CP violation in theweakinteractionof quarksis

describedbyonlyoneCP -oddphasein theCabibbo-Kobayashi-Maskawa(CKM) quark

mixing matrix. The patternof CP asymmetriesin weakchargedcurrenttransitions

resultingfrom thestructureof theCKM matrix is thusakey predictionof theStandard

Model. It is thegoalof theB factoryexperimentsBABAR andBelleto testthisprediction

andto searchfor discrepanciesthatwouldprovideevidencefor new physicsbeyondthe

StandardModel.

1.1 CKM Matrix and Unitarity Triangle

CP violation hasbeenof greatinterestin particlephysicssinceits discovery in 1964

in the decaysof K0
L

mesons.4 An elegant explanationof the origin of the observed

CP asymmetrywasproposedby KobayashiandMaskawa, asa complex phasein the

three-generationCKM quark-mixingmatrix.5 In theStandardModel with threequark

generations,theCKM matrixhasfour independentparametersoneof whichbreaksthe

CP symmetryfor flavor-changingchargedcurrents.In theWolfensteinparameteriza-

tion6 theCKM matrixVCKM is givenby

VCKM ≡











Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb











=











1 − 1
2
λ2 λ Aλ3(ρ− iη)

−λ 1 − 1
2
λ2 Aλ2

Aλ3(1 − ρ− iη) −Aλ2 1











. (1)

The amplitudeA for a weaktransitionbetweentwo quarksis proportionalto the

correspondingCKM matrixelement.

A(q → Wq′) ∝ V ∗
qq′ (2)

while theamplitudefor theCP -conjugatedprocessis proportionalto its complex-

conjugate
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A(q̄ → Wq̄′) ∝ Vqq′ . (3)

The CKM matrix is unitary which leadsto relationsbetweenits elements. For

example,theorthogonalityof thefirst andthird columns

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0 (4)

leadsto the so-called“Unitarity Triangle” in the ρ − η planeasshown in Fig. 1.

The inner anglesof the Unitarity Trianglearecalledα, β, andγ or alternatively φ2,

φ1, andφ3, respectively. The measurementsof theseanglesarethe primary goalsof

theBABAR andBelle experiments.TheStandardModel canbetestedby measuringα,

β, andγ in a varietyof decays.Theconsistency betweenthesemeasurementsandthe

consistency with measurementsof thesidesof theUnitarity Triangleandthemeasured

CP asymmetriesin kaondecayswill provide a strongtestof theCKM descriptionof

CP -violation.

ρ
γ β

α

Aη

(b) 7204A5
7–92

1

VtdVtb
∗

|VcdVcb|∗
VudVub

∗

|VcdVcb|∗

VudVub
∗

VtdVtb
∗

VcdVcb
∗

α

β

γ

0
0

(a)

Fig.1. ThenormalizedUnitarityTriangledeterminedfrom theorthogonalityof thefirst

andthird columnsof theCKM matrix.
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1.2 Time-independent CP Asymmetries

Thetime-independentor directCP asymmetrybetweenaB decayto afinal statef and

itsCP -conjugatedecayB̄ → f̄ is definedas

ACP ≡ Γ(B → f) − Γ(B̄ → f̄)

Γ(B → f) + Γ(B̄ → f̄)
. (5)

A non-zeroACP canbeproduced,if thedecayB → f canproceedvia at leasttwo

amplitudesAj = |Aj|ei(φj+δj) with differentweakphasesφj anddifferentstrongphases

δj. For example,if a decayamplitudeA andthe correspondingCP -conjugatedecay

amplitudeĀ canbewrittenasthesumof two amplitudesA1 andA2

A = |A1| exp [i(δ1 + φ1)] + |A2| exp [i(δ2 + φ2)]

Ā = |A1| exp [i(δ1 − φ1)] + |A2| exp [i(δ2 − φ2)] (6)

theresultingasymmetryis

ACP =
2|A1||A2| sin(∆δ) sin(∆φ)

|A1|2 + |A2|2 + 2|A1||A2| cos(∆δ) cos(∆φ)
. (7)

Therefore,directCP asymmetriescanonly occur, if the phasedifferences∆δ =

δ1 − δ2 and ∆φ = φ1 − φ2 are not zero. From the measuredbranchingfractions,

onecancalculatethe magnitudesof the decayamplitudes|A| and |Ā|. However, the

interestingphysicsparameters|A1|, |A2|, ∆δ, andespecially∆φ canonly beobtained

with additionaldecaymodesthatarerelatedvia a symmetry(e.g.isospin)andprovide

additionalconstraintson theparameters.

1.3 Time-dependent CP Asymmetries

A B0 cantransformitself into aB0 via a secondorderweakcurrentbox diagramsuch

astheoneshown in Fig. 2.

��� � ���� ��	� �
 � �� �
��	� 
 � �
� �

�

��

�

Fig. 2. Feynmandiagramfor B0B0 mixing.
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This resultsin thephenomenaof B0B0 oscillationsandtime-dependentCP asym-

metries.7 Thetime-dependentamplitudesfor B0 andB0 mesonsto a final statef are

givenby

〈f |H|B0
phys(t)〉 = e−imte−Γt/2

[

Af cos(∆mBt/2) + i
q

p
Āf sin(∆mBt/2)

]

〈f |H|B̄0
phys(t)〉 = e−imte−Γt/2

[

i
p

q
Af sin(∆mBt/2) + Āf cos(∆mBt/2)

]

(8)

whereAf ≡ 〈f |H|B0〉 is the amplitudefor a B0 decayto the final statef and

Āf ≡ 〈f |H|B0〉 is thecorrespondingamplitudefor theB0 decay. Thecoefficientsp

andq transformtheB0 andB0 statesintotheweakeigenstates:|B0
L,H〉 = p|B0〉±q|B0〉.

TheaverageanddifferencebetweentheBH andBLmassesaremand∆mB, respectively,

andwe assumethedifferencebetweentheBH andBL widths to benegligible. From

theFeynmandiagramsfor B0B0 mixing theratio (q/p) canbecalculated.Thevirtual

topquarkdominatestheloopand

q

p
=
V ∗
tbVtd
VtbV ∗

td

(9)

which in theWolfensteinphaseconventionis e−i2β. Thetime-dependentdecayrate

to afinal statef thenbecomes

Γ±(t) =
e−t/τ

4τ
{1 ± Sf sin(∆mBt) ∓ Cf cos(∆mBt)} (10)

wherethe+(−)signindicatesthattheBwasproducedasaB0 (B0). Thecoefficients

Sf andCf in front of thetime-dependentsineandcosinetermsaregivenby

Sf ≡ 2 Imλf
1 + |λf |2

Cf ≡ 1 − |λf |2
1 + |λf |2

(11)

where

λf = (q/p)Āf/Af . (12)

For thetwo simplecasesof B0B0 mixing andB decaysto aCP eigenstatethrough

oneor more decayamplitudeswith the sameweakphasethe time-dependentdecay

ratescanimmediatelybeobtained.If aB0 decaysto a flavor specificfinal statevia a

singleamplitudeAf , while Āf = 0, suchasthesemi-leptonicdecaysB0 → D(∗)−l+ν,
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we have λ = 0 andconsequentlySf = 0 andCf = 1. In this case,we obtain the

(CP -conserving)time-dependentdecayratefor B0B0 oscillations:

Γ±(t) =
e−t/τ

4τ
{1 ∓ cos(∆mBt)} . (13)

Ontheotherhandfor adecaytoaCP eigenstatethatoccurswith asingleweakphase

suchasB → J/ψK0
S

thedecayamplitudesareof thesamemagnitude|Af | = |Āf | and

|λf | = 1. In this case,Cf = 0 andSf = Imλf andthetime-dependentdecayratesare

givenby

Γ±(t) =
e−t/τ

4τ
{1 ∓ Imλf sin(∆mBt)} . (14)

Thetime-dependentdecayratesfor modeswhich proceedthroughat leasttwo am-

plitudeswith differentweakphasesaretypically morecomplex.

2 Experimental Techniques

2.1 The B Factories PEP-II and KEK-B

At theasymmetric-energy e+e− collidersPEP-IIatSLAC andKEK-B atKEK, resonant

productionof Υ(4S) mesonsprovidesa copioussourceof BB̄ pairs. TheΥ(4S) are

producedat PEP-II (KEK-B) with a boostβγ = 0.56 (0.43) alongthecollision axis,

with nominalenergiesof 9.0(8.0)and3.1(3.5) GeV for theelectronandpositronbeams,

respectively. TheB mesonsproducedfrom thedecayΥ(4S) → BB̄ arenearlyat rest

in theΥ(4S) frame(p∗ ≈ 325 MeV/c) andtheproperdecay-timedifferencebetween

thetwoB decaysis to agoodapproximationproportionalto thedistancebetweentheB

decayverticesalongtheboostdirection(z-axis),∆t ≈ ∆z/(cβγ). Theaveragevalue

of |∆z| is βγcτB0 ≈ 250µm (200µm) atPEP-II(KEK-B).

The BABAR andBelle experimentshave beencollectinge+e− collision datasince

1999.At thetimeof the2003summershutdownstheBABAR andBelleexperimentshad

accumulated131 fb−1and159 fb−1, respectively. Most of this datawastaken on the

Υ(4S) resonancewhile about10%wastaken40–60MeV below theΥ(4S) resonance

(“off-resonance”sample). The latter is usedto study e+e− → qq̄ (q = u, d, s, c)

continuumbackgrounds.
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2.2 The BABAR and Belle Detectors

TheBABAR andBelleexperimentsarestate-of-the-artmulti-purposedetectorsoptimized

for thestudyof B decays.Chargedparticlesaredetectedandtheirmomentameasured

by a combinationof a silicon vertex tracker and a centraldrift chamber, in a 1.5-T

solenoidalfield. Theaveragevertex resolutionin thez directionis about70µm for a

fully reconstructedB meson.Electronsandphotonsareidentifiedby aCsIelectromag-

neticcalorimeter. Muonsareidentifiedin muonchambers.In BABAR, aCherenkov ring

imagingdetectorcoveringthecentralregion,togetherwith dE/dx informationfrom the

drift chamberandthesilicon trackerprovidesK-π separationof at leastthreestandard

deviationsfor B decayproductswith momentumgreaterthan250MeV/c in the labo-

ratory. TheBelleparticleidentificationsystemincludesanaero-gelCherenkov counter

anda time-of-flight systemandcandistinguishkaonsfrom pionsup to momentaof

3.5 GeV/c with 90 % efficiency anda fake rateof lessthan5%. Detaileddescriptions

of theBABAR andBelledetectorscanbefoundelsewhere.8,9

2.3 Reconstruction of BB̄ Events

Formostof theanalysespresentedhere,thedecayof oneB mesonis fully reconstructed

from its charged and neutraldaughterparticlesin a certainfinal statef . The usual

selectioncriteriafor fully reconstructedB decaysaretheenergydifference∆E between

theenergy of thereconstructedB candidateandthebeamenergy in theΥ(4S) frame

andthebeam-energy substitutedmassmES:

∆E = E∗
B − E∗

beam, mES =
√

E∗
beam − |~p∗

B|2 (15)

wheretheasteriskdenotestheΥ(4S) center-of-massframe.Thesignaldistributions

of thesevariablespeakat ∆E = 0 andmES = mB. Typical resolutionsareσ(mES) =

3 MeV/c2 andσ(∆E) = 15 − 50 MeV.

ThereconstructionofB decaysto charmlessfinal statessuffersfrom largecombina-

torial backgroundfrom e+e− → qq̄ (q = u, d, s, c) interactions.Onaveragecontinuum

backgroundeventsexhibit amorejet-likestructurewhileBB̄ eventsaremoreisotropic

in thecenter-of-massframe.BABAR andBelleexploit thisin theiranalysesof charmless

B decaysby usingevent topology-baseddiscriminatingvariablesincluding the angle

betweenthethrustaxisof theB candidateandtheremainingtracksandenergy clusters

in theeventandtheenergy flow in theeventwith respectto theB candidatethrustaxis.
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In someanalysesmultiple discriminatingvariablesareusedin a likelihoodfit or com-

binedinto aFisherdiscriminantor aneuralnetwork to increasetheseparationbetween

signaldecaysandbackground.

The otherB in the event is not fully reconstructed.However, for time-dependent

analysesof neutralB decayweneedto know its decaypointandwhetherit is aB0 or a

B0. Thedecayproductsof thefully reconstructedB → f candidateareremovedfrom

theeventandtheremainingparticlesareexaminedto determinethedecayvertex and

flavor of theotherB.

2.4 B Flavor Tagging

After thedaughtertracksof thefully reconstructedB,Brec, areremovedfrom theevent,

the remainingtracksareanalyzedto determinethe flavor tag (B0 or B0) of the other

B, Btag. For this purpose,flavor taginformationcarriedby leptonsfrom semileptonic

B decays,chargedkaons,soft pions from D∗ decays,andhigh momentumcharged

particlesis examined. BABAR
10 usesneuralnetworks, trainedto eachof the physics

processesdescribedabove,andclassifieseventsinto four mutuallyexclusivecategories

accordingto theunderlyingphysicsprocess,combinedwith performancecriteriabased

on the neuralnet output. Belle11 usesthe likelihood ratios of the propertiesof the

chargedparticlesto estimatethemistagratefor eachindividual event,andthenranks

eventsinto six categoriesbasedon their estimatedmistagrate.

Theamplitudesof theobservedtime-dependentCP asymmetriesarereducedby a

factor1−2w, wherew is theflavor mistagrate.Bothexperimentsdeterminethemistag

ratesof the varioustaggingcategoriesfrom data. This is doneby studyingdecaysto

flavor-specificfinal statesfor which the deviation of the observed mixing asymmetry

from unity is given by 1 − 2w. BABAR usesfully reconstructedeventsin the modes

B0 → D(∗)−h+ (h+ = π+, ρ+, a+
1 ) andthe modeB0 → J/ψK∗0 (K∗0 → K+π−).

Belle usesfully reconstructedeventsin themodesB0 → D(∗)−h+ (h+ = π+, ρ+) and

themodeB0 → D∗−l+ν.

Despitethedifferencesbetweentheflavortaggingalgorithmsof thetwoexperiments,

the performanceis very similar: the total effective taggingefficiency Q =
∑

i εi(1 −
2wi)

2, whereεi is the fraction of eventsin taggingcategory i andthe sumis over all

taggingcategories,is measuredto be(28.1 ± 0.7) % for BABAR and(28.8 ± 0.6) % for

Belle.
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2.5 ∆t Measurement

If aB0B0 pair is producedin anΥ(4S) decayit evolvesasacoherentP -waveuntil one

of theB mesonsdecays.If theBtag decaysto aflavor specificfinal statei.e.asB0 orB0

atatimettag thenBrec atthattimemustbeof theoppositeflavor dueto Bosesymmetry.

As a consequence,in equations10,13,and14 thatdescribethetime-dependentdecay

ratesthetime t hasto bereplacedwith thetime-difference∆t = trec − ttag. Here,∆t

is a signedvariableandtheequationsfor thetime-dependentdecayratesarealsovalid

for negative∆t.

AsBrec is fully reconstructed,its decayvertex positionis well measured.Thedecay

vertex of Btag is inferred from the chargedparticle tracksremainingafter the decay

productsof Brec areremovedfrom theevent. To reducebiasesin theBtag decayvertex

reconstructionbothexperimentsremove tracksfromK0
S

andΛ candidatesandphoton

conversions.In additiontrackswith alargecontributionto thevertex χ2 areremovedby

an iterative procedure.Belle requiresthat theBtag decayvertex is consistentwith the

beamspot.InsteadBABAR requirestheBtag vertex to beconsistentwith theline of flight

computedfrom the locationof the beamspot,the momentumof Brec, andthe Υ(4S)

boost.

Thetime difference∆t is relatedto thedistance∆z betweenthedecayverticesof

Brec andBtag by ∆z = βγγ∗
recc∆t + γβ∗

recγ
∗
rec cos θ∗

recc(τB + |∆t|), whereθ∗
rec, β

∗
rec,

andγ∗
rec are the polar anglewith respectto the boostdirection, the velocity and the

boostof Brec in the Υ(4S) frameand the sumof the propertimesof Brec andBtag

hasbeenapproximatedby τB. BABAR solvestheequationfor ∆t andBelle make the

approximation∆t = ∆z/cβγγ∗
rec whichkeepsonly thefirst term. Theresolutionin ∆t

measuredfrom thefully reconstructedsampleto flavor specificfinal statesis 1.1psfor

BABAR and1.4 ps for Belle, in partdueto thedifferencein theΥ(4S) boost.

3 The Measurement of sin 2β

Onecanqualitatively separatetheB decaymodessensitive to sin2β in threeclasses:

thegolden modes, thepenguin-polluted modes, andthepenguin-dominated modes. The

goldenmodesconsistof final stateswith a charmoniumresonanceand a kaon such

asB0 → J/ψK0
S

andproceedthrougha b → cc̄s treeamplitude.Thesemodeshave a

relatively largebranchingfraction,aclearexperimentalsignature,andthemeasuredCP -

asymmetrycanberelatedto sin2β without largetheoreticaluncertainties.Thegolden
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modesareusedto determinesin2β andcompareit to measurementsof the sidesof

theUnitarity Triangle. Thepenguin-pollutedmodesareCabibbo-suppressedandhave

in additionto a dominantb → cc̄d treeamplitudea significant,but hardto calculate,

penguinamplitude.Thesemodeswill giveimportantinformationabouttherelativesize

of penguinandtreecontributions.Thepenguin-dominatedmodesproceeddominantly

througha b → ss̄s or a b → sd̄d penguinamplitudewith smallcontributionsfrom tree

amplitudesor penguinamplitudeswith differentweakphases.TheCP -asymmetriesin

thesemodescanbecomparedto theCP -asymmetryin thegoldenmodesto searchfor

largedeviationsthatprovideevidencefor possiblecontributionsfrom physicsprocesses

beyondtheStandardModel.

3.1 Charmonium Modes

BABAR andBelle extract sin2β from samplesof fully reconstructedB0 decays(BCP)

to final statesthatcontaina charmoniumresonanceanda neutralkaonsuchasB0 →
J/ψK0

S
.

����
�����

� ��
� �

��

�

��
�
� 
 

Fig. 3. LeadingFeynmandiagramfor thedecayB0 → J/ψK0
S
.

ThedecayB0 → J/ψK0
S

proceedsthroughtheCabibbo-favoredcolor-suppressed

b → cc̄s treediagramshown in Fig. 3. A similar diagramexists for theCP -conjugate

decayB0 → J/ψK0
S
. Therefore,a B0 caneitherdecaydirectly to the J/ψK0

S
final

stateor changeits flavor followedby thedecayof theB0 to thesamefinal state.The

interferencebetweenthesetwo amplitudesresultsin a time-dependentCP asymmetry

asgivenby Eq.10.

AssumingtheWolfensteinphaseconvention,in Eq.12theratioof amplitudesĀf/Af
is givenby

Āf
Af

= ηf

(

VcbV
∗
cs

V ∗
cbV

∗
cs

)(

q

p

)

K

= ηf
VcbV

∗
cs

V ∗
cbV

∗
cs

VcsV
∗
cd

V ∗
csV

∗
cd

= ηf (16)
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in thefinal statefrom BABAR
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L

candidatesfrom BABAR

(lower left).

wherenf = +1 (−1) for aCP even(odd)final statef . If we combineEq. 9 and

Eq.16,weobtain

λf =

(

q

p

)

Ā

A
= ηfe

−2iβ =⇒ Imλf = −ηf sin 2β (17)

which is phaseconvention independent.Thus, the time-dependentCP -violating

asymmetryfor charmonium-containingb → ccs decaysis

ACP (∆t) ≡ Γ+(∆t) − Γ−(∆t)

Γ+(∆t) + Γ−(∆t)
= −ηf sin2β sin (∆mB ∆t). (18)

BABAR
10 and Belle11 have publishedtheir sin2β measurementswith samplesof

88 × 106 and85 × 106 BB̄ events,respectively. They increasetheir event samples

by reconstructingB decaysto severalcharmoniumK0
S

final states(J/ψK0
S
, ψ(2S)K0

S
,

χc1K
0
S
, ηcK0

S
, J/ψK∗0 (K0

S
π0)) aswell asB0 → J/ψK0

L
. Themodeswith aK0

S
in the

final state(J/ψK0
S
, ψ(2S)K0

S
, χc1K0

S
, ηcK0

S
) areCP -oddwhereasthemodeJ/ψK0

L
is

CP -even.ThemodeB0 → J/ψK∗0 hasCP -evenandCP -oddcontributionsto itsdecay

ratedueto thepresenceof even(L = 0, 2) andodd(L = 1) orbital angularmomenta.

Theexperimentstake this into accountby usinganeffectiveCP -contentderivedfrom

themeasuredcontributionof theL = 1 component.12
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The distributions of mES for charmoniumK0
S

eventsare shown in Fig. 4. For

theJ/ψK0
L

events,only thedirectionof theK0
L

is measuredandto determinetheK0
L

momentumthemassof theB0 candidateis constrainedto theB0 mass.Thedistribution

of ∆E for theJ/ψK0
L

events(BABAR) is alsoshown in Fig. 4.
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Fig.5. Distributionsof ∆t andraw flavor asymmetriesforBCP candidatesfrom BABAR

andBelle. BABAR (left): Distributionsof ∆t andraw asymmetriesfor BCP candidates

having aK0
S

(a andb) or aK0
L

(c andd), respectively, in thefinal state.Belle (right):

Raw asymmetriesfor BCP eventswith aK0
S

(g) or aK0
L

(h), respectively, in thefinal

state. Distributionsof ∆t (e) andraw asymmetry(f) for all BCP candidates.Events

with aB0-tag(B0-tag)haveq = +1 (−1) andξf denotestheCP -eigenvalueof thefinal

state.

Thevalueof sin2β is determinedfrom unbinnedlikelihoodfits to the∆t distribu-

tionsof theselectedcandidates.Theprojectionsof thefit resultson theobserved∆t

distributionsandraw flavor asymmetriesareshown in Fig. 5. A differencein the∆t

distributionsfor B0 andB0 taggedeventsis apparent.Themeasuredsin2β valuesare

sin2β = 0.741 ± 0.067 ± 0.034 (BABAR),

sin2β = 0.719 ± 0.074 ± 0.035 (Belle).
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The measurementsare in good agreementwith eachother and combiningthem

yieldssin2β = 0.731 ± 0.056.13 Theconstraintof thismeasurementon theapex of the

Unitarity Triangleis shown in Fig. 6. It is in goodagreementwith constraintsderived

from measurementsof CP -conservingB decaysandtheobservedCP violation in the

neutralkaonsystem.
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1

-1 0 1 2

sin 2βWA

∆md

∆ms
 & ∆md

εK

εK

|Vub/Vcb|

ρ

η

CK M
f i t t e r

Fig. 6. Constraintson the apex of the Unitarity Trianglefrom indirect measurements

in the (ρ̄ − η̄)-plane(ρ̄ = ρ(1 − λ2/2), η̄ = η(1 − λ2/2)) overlaid with the direct

measurementof sin2β.14

3.2 Cabibbo-suppressed Modes

Violationsof CP symmetryarealsoexpectedin decaysthat proceedvia a Cabibbo-

suppressedb → cc̄d amplitude(e.g. J/ψπ0 andD(∗)+D(∗)−). In contrastto theO(λ2)

b → cc̄s modes,thesehave treeamplitudesof O(λ3). Theseprocessesaresensitive to

thepresenceof possiblenew physics,becausedueto their smalleramplitudesinterfer-

encetermscanberelatively moreprominent.However, thesemeasurementsaremore

challengingbecauseof lower decayrates,higherbackgrounds,andcomplicationsin

theinterpretationof themeasuredCP -asymmetriesdueto thesimultaneouspresenceof

treeandpenguinamplitudes.
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3.2.1 B0 → J/ψπ0

ThedecayB0 → J/ψπ0 proceedsdominantlythrougha Cabibbo-suppressedb → cc̄d

transition. In theStandardModelB0 → J/ψπ0 hasa contributing penguinamplitude

with the sameweakphaseasthe treeamplitudeandan additionalpenguinamplitude

with adifferentweakphase.Thetreeamplitudeandthepenguinamplitudewith differ-

entweakphaseareequalto leadingorderin λ. Therefore,B0 → J/ψπ0 mayhaveaCP

asymmetrythatdiffersfromB0 → J/ψK0
S

with thedeviationservingasaprobeof the

contribution of thepenguindecayamplitudewith differentweakphase.BABAR
15 and

Belle16 have measuredtheCP asymmetriesin B0 → J/ψπ0 with 81 fb−1and78 fb−1,

respectively:

SJ/ψπ0 = 0.05 ± 0.49 ± 0.16 CJ/ψπ0 = 0.38 ± 0.51 ± 0.09 (BABAR),

SJ/ψπ0 = −0.93 ± 0.49 ± 0.08 CJ/ψπ0 = 0.25 ± 0.39 ± 0.06 (Belle).

Themeasurementsareconsistentwith thetreelevel expectationSJ/ψπ0 = − sin2β

andCJ/ψπ0 = 0 but they have large statisticalerrors. More datais neededto draw a

conclusiononapossiblepenguincontribution to thedecayamplitudein thismode.

3.2.2 B0 → D∗±D∓

TheB decaysto the final statesD∗±D∓ proceeddominantlythrougha b → cc̄d tree

amplitude. DeviationsbetweentheCP asymmetriesin B0 → D∗±D∓ andin B0 →
J/ψK0

S
dueto contributionsfrom penguinamplitudesfrom StandardModel processes

areexpectedto berelatively small,of order∆β = 0.1.17,18 A numberof processesfrom

non-StandardModelphysics,whichcanprovideadditionalsourcesofCP violation,can

greatlyincreasethiscontribution,up to ∆β ≈ 0.6 in somemodels.17

Thefinal statesD∗±D∓ arenotCP eigenstatesandfour flavor-chargecombinations

mustbe considered(B0(B0) → D∗±D∓). In the caseof equalamplitudesfor B →
D∗−D+ andB → D∗+D−, oneexpectsat tree level C−+ = C+− = 0 andS−+ =

S+− = − sin2β for thecorrespondingCP asymmetries.

Usingasampleof 88million B0B0 decaysBABAR hasmeasuredthetime-dependent

CP -asymmetriesin B0 → D∗±D∓ to be19

S−+ = −0.24 ± 0.69 ± 0.12, S+− = −0.82 ± 0.75 ± 0.14,

C−+ = −0.22 ± 0.37 ± 0.10, C+− = −0.47 ± 0.40 ± 0.12,
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consistentwith thetreelevelexpectation.In addition,BABAR hasmeasuredthetime-

independentdecayrateasymmetrybetweenB0/B0 → D∗+D− andB0/B0 → D∗−D+

to be −0.03 ± 0.11 ± 0.05. More datais requiredto determinea possiblepenguin

contribution to thedecayamplitude.

3.2.3 B0 → D∗+D∗−

Thefinal stateD∗+D∗− hasthesamequarkscombinationsboundto mesonsasD∗±D∓

and,thus,sufferssimilarly from thesimultaneouspresenceof treeandpenguinampli-

tudes.

In theabsenceof penguinamplitudestheCP asymmetryinB0 → D∗+D∗− is related

to sin2β.20,21 Penguin-inducedcorrectionsareexpectedto besmallin modelsbasedon

thefactorizationapproximationandheavy-quarksymmetry;aneffect of about2% has

beenpredicted.22 A comparisonof measurementsof sin2β from b → cc̄s modessuch

asB0 → J/ψK0
S with that obtainedin B0 → D∗+D∗− is an importanttestof these

models.

TheB0 → D∗+D∗− modeis a decayof a pseudo-scalarmesonto a vector-vector

final state,with contributionsfrom threepartialwaveswith differentCP parities:even

for theS- andD-waves,oddfor theP -wave. TheCP -oddcontribution is predictedto

beabout6%.23,24

BABAR
25 usesasampleof 88million B0B0 decaysto determinetheCP -oddfraction

in B0 → D∗+D∗− decaysbasedonaone-dimensionaltime-integratedangularanalysis

to beR⊥ = 0.063 ± 0.055 ± 0.009. Thusthefinal stateis about94 % CP -even. The

CP -violating parametersfor theCP -even componentareobtainedfrom a combined

analysisof thetimedependenceof flavor-taggeddecaysandtheone-dimensionalangular

distributionof thedecayproducts:

|λ+| = 0.75 ± 0.19 ± 0.02, Imλ+ = 0.05 ± 0.29 ± 0.10.

The ∆t distributionsof the selectedeventsareshown in Fig. 7 togetherwith the

resultfrom thelikelihoodfit. Themeasurementsdeviateby about2.5σ from thetree-

level expectation|λ+| = 1 andImλ+ = − sin2β. Moredatais neededto establishthis

deviationasapossiblecontribution from penguinprocesses.
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B → D∗+D∗− candidates.Raw flavor asymmetrybetweenB0-taggedandB0-tagged

candidatesasa functionof ∆t (bottom).

3.3 Penguin-Dominated Modes

The amplitudesfor the decaysb → s(s̄s) andb → s(d̄d) aredominatedby the b →
s gluonic penguindiagram(seeFig. 8) wherethe top quark provides the dominant

contributionto thequarkloop. Theleadingpenguinamplitudehasthesameweakphase

asthe b → cc̄s treeamplitude. Thus,in the StandardModel the decaysto theφK0
S
,

η′K0
S

final statesthatproceeddominantlyvia a gluonicpenguindiagramareexpected

to have thesameCP -asymmetryasB0 → J/ψK0
S
.

Thereis significantinterestin thesedecays.They offer a naturalplacefor sizeable

contributionsfrom new physicsprocessesdueto their relatively smallbranchingfrac-

tionsandthepossibilitythatthe(virtual) StandardModelparticlesin theloop (topand

W ) canbereplacedby new particles(e.g.SUSY).
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S
.

3.3.1 B0 → φK0
S

In additionto theleadingpenguinamplitudetherearesmallcontributionsfrom transi-

tionswith differentweakphasesthat contribute to B0 → φK0
S
. Their magnitudecan

be limited from measurementsof relateddecaymodessuchasB+ → φπ+, K∗0K+.

The deviation of SφK0
S

from sin2β is expectedto be lessthan5 %.26 BABAR
27 and

Belle28 have measuredtheCP -asymmetriesin B0 → φK0
S

with 81 fb−1and78 fb−1,

respectively, to be

SφK0
S

= −0.18 ± 0.51 ± 0.07 CφK0
S

= −0.80 ± 0.38 ± 0.12 (BABAR),

SφK0
S

= −0.73 ± 0.64 ± 0.22 CφK0
S

= 0.56 ± 0.41 ± 0.16 (Belle).

The∆t distributionsareshown in Figs.9 (BABAR) and10 (Belle). Theaverageof

SφK0
S

deviatesby about2σ from thesinecoefficient in B0 → J/ψK0
S
. Belle hasalso

measuredthetime-dependentCP asymmetryfor non-resonantB0 → K+K−K0
S

which

hascontributionsfromCP -evenandCP -oddpartialwaves.They measuretheCP -even

fractionto be97% andtheCP -asymmetries

SKKK0
S

= −0.49 ± 0.43 ± 0.11+0.33
−0.00 CKKK0

S
= −0.40 ± 0.33 ± 0.10+0.00

−0.26.

consistentwith theStandardModelexpectationofSKKK0
S

= − sin2β andCKKK0
S

=

0 assumingapureCP -evenfinal state.
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Fig. 9. Distributionsof ∆t for B0-taggedevents(top) andB0-taggedevents(middle)

andraw flavor asymmetry(bottom)for the selectedB → φK0
S

(left) andB → η′K0
S

(right) eventsfrom BABAR.

3.3.2 B0 → η′K0
S

In thedecayB0 → η′K0
S

theinternalgluoncanconvert to eitheranss̄ or dd̄ pair. The

relatively largebranchingfractionof 6 × 10−5 couldbetheresultof constructive inter-

ferenceof theseamplitudes.In additionthereis acontributionfrom aCKM-suppressed

tree-level b → u transition.Estimatesof therelativetreeandpenguinamplitudesexpect

adeviationof Sη′K0
S

from sin2β to belessthanabout5 %.29 BABAR
30 andBelle31 have

measuredthetime-dependentCP asymmetriesin B0 → η′K0
S

decayswith 82 fb−1and

78 fb−1, respectively:

Sη′K0
S

= 0.02 ± 0.34 ± 0.03 Cη′K0
S

= 0.10 ± 0.22 ± 0.04 (BABAR),

Sη′K0
S

= 0.71 ± 0.37 ± 0.06 Cη′K0
S

= −0.26 ± 0.22 ± 0.04 (Belle).

The∆t distributionsof samplesenrichedinB0 → η′K0
S

eventsareshown in Figs.9

(BABAR) and10(Belle). ThemeasuredcoefficientsSη′K0
S

andCη′K0
S

areconsistentwith

sin2β andzero,respectively.
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3.3.3 Charmonium Modes versus Penguin-dominated Modes

Themeasurementsof sin2β with charmoniummodeswhichproceedthroughab → cc̄s

treeamplitudeandthe penguin-dominatedmodeswhich proceeddominantlythrough

a b → s penguinamplitudeare summarizedin Fig. 11.13 The shadedbandsshow

separatelythe averagesof the measurementsfor B decaysto charmoniumandfor B

decaysto penguin-dominatedmodes.The two bandsdiffer by about2.6 standardde-

viations.A futureconfirmationof theseparationof thetwo bandswould challengethe

StandardModel andcouldprovide thefirst evidencefor new physicscontributionsto

CP violation.

4 Measurement sensitive to sin2α

Decaymodesto hadronicfinal stateswith a dominantcontribution from b → uūd are

sensitive to theCKM angleα. Recentmeasurementsin thedecaymodesB0 → π+π−

andB0 → ρ±π∓ arepresented.

4.1 B0 → π+π−

ThedecayB0 → π+π− is expectedto proceeddominantlythrougha b → uW− tree

amplitude.Theweakphasedifference2γ betweenthe treeamplitudesfor aB0 anda

B0 to theπ+π− final stateaddsto theweakphasedifference2β from B0B0 mixing to

a combinedweakphasedifferenceof 2α, whereα = arg [−VtdV ∗
tb/VudV

∗
ub]. Thus,if

thedecayproceedspurelythroughthetreeamplitude,thecomplex parameterλπ+π− is
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modesandtheirworld averages.

directly relatedto CKM matrixelementsand|λππ| = 1 andImλπ+π− = sin2α.

However, possiblesignificantcontributionsfrom a b → dg gluonicpenguinampli-

tudeat thesameorderin λ asthetreeamplitudewith differentweakandstrongphases

complicatethe situation. Theoreticalestimatessuggestthat the contribution from the

gluonic penguinamplitudecanbe significant.32 Therefore,the time-dependentCP -

violatingasymmetryin thedecayB0 → π+π− arisesfrom interferencebetweenmixing

and decayamplitudes,and interferencebetweenthe b → uW− and b → dg decay

amplitudes.

In general,Sππ canbe expressedas
√

1 − C2
π+π− sin 2αeff whereαeff = α + ∆α

dependsonthemagnitudesandrelativeweakandstrongphasesof thetreeandpenguin

amplitudes.Consequently,Sππ maydiffer fromsin2α anddirectCP violation(Cπ+π− 6=
0) canbepresent.

BABAR andBellereconstructB0 → π+π− eventsin samplesof 88×106 and85×106

BB̄ pairs, respectively. In Fig. 12 the distributions of ∆E for samplesenrichedin

B0 → π+π− eventsfrom BABAR andBelleareshown.

TheCP -asymmetriesaredeterminedwith anunbinnedlikelihoodfit to the∆t dis-

tributionsof the selectedevents. Belle imposesrelatively tight requirementsfor the

selectedeventson mES, ∆E, and event topology variables. BABAR employs looser
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likelihoodfit result,whilethedashedcurverepresentsqq̄ andKπ cross-feedbackground.

Belle (right): Thesolid curve representstheprojectionof themaximumlikelihoodfit

result.Thedottedcurverepresentscontinuumbackground,thedashedcurverepresents

Kπ cross-feedbackgroundandthedot-dashedcurverepresentscharmlessthreebodyB

decaybackground.ThehashedarearepresentstheB → π+π− signalcandidates.
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requirementsin theeventselectionandusesinmES, ∆E, andaFisherdiscriminantthat

describestheenergy flow in theeventin theunbinnedlikelihoodfit to discriminatebe-

tweensignalandbackground.The∆t distributionsof samplesenrichedinB0 → π+π−

eventsareshown in Fig. 13.
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Fig. 13. Distributionsof ∆t andraw flavor asymmetriesfor samplesenrichedin B0 →
π+π− candidatesfrom BABAR andBelle. BABAR (left): Distributionsof ∆t for events

with (a)Btag = B0 or (b)Btag = B0 and(c) raw asymmetrybetweenB0 andB0-tagged

events.Solidcurvesrepresentprojectionsof thelikelihoodfit, dashedcurvesrepresent

thesumof qq̄ andKπ background.Belle(right): Distributionsof ∆t for eventswith (a)

Btag = B0 or (b)Btag = B0 and(c) backgroundsubtractedevents.TheCP asymmetry

afterbackgroundsubtractionbetweenB0 andB0-taggedeventsis shown in (d). Solid

curvesrepresentprojectionsof thelikelihoodfit, dashedcurvesrepresentthesumof qq̄

andKπ background.Theshadedregion representsthecontribution from signalππ. In

Fig. (d), thedashedanddottedcurvesrepresentthecontributionsfrom thecosineand

sineterms,respectively.

BABAR
33 andBelle34 measuretheCP -asymmetriesin B0 → π+π− eventsto be

Sππ = −0.30 ± 0.25 ± 0.04 Cππ = −0.02 ± 0.34 ± 0.05 (BABAR),

Sππ = −1.23 ± 0.41 ± 0.08 Cππ = −0.77 ± 0.27 ± 0.08 (Belle).

The averagevaluesof Sππ andCππ from combiningthe resultsfrom BABAR and

Belleare
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Sππ = −0.47 ± 0.26 and Cππ = −0.49 ± 0.19.

Theconfidenceintervalsfor theBABAR andBellemeasurementsin the−Cππ versus

Sππ planeareshown in Fig. 14.35 TheBABAR andBelle measurementsdiffer by 2.2σ.

Moredatais neededto resolve thediscrepancy in thefuture.
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Fig. 14. Confidenceregionsfor −Cππ (= Aππ) versusSππ for the BABAR andBelle

measurements.

TheCKM angleα canbedeterminedwithout largetheoreticaluncertaintieswith an

isospinanalysis36 if in additionto thetime-dependentCP -asymmetriesin B → π+π−

also the decayratesfor B± → π±π0, B0 → π0π0, andB0 → π0π0 aremeasured.

Basedonasampleof 124×106 BB̄ pairsBABAR
37 hasmeasuredthebranchingfraction

for B → π0π0 averagedoverB0 andB0 to be(2.1 ± 0.6 ± 0.3) × 10−6. Thesignalis

observedatasignificanceof 4.2σ includingsystematicuncertainties.In 152 × 106 BB̄

pairsBelle38 observesevidencefor thisdecayatthe3.4σ levelandmeasuresabranching

fractionof (1.7 ± 0.6 ± 0.2) × 10−6 in goodagreementwith theBABAR measurement.

Using isospinrelationsa small valueof theB → π0π0 branchingfraction could

give an upperboundon |αeff − α|.39,40 However, the measuredcentralvaluesof the

branchingfractionsfor B → π0π0, B → π+π−, andB+ → π+π0 give only a very

weakconstraintof |αeff − α| > 54◦. Withoutadditionalinput from theoreticalmodels

SLAC Summer Institute, July 28 - August 8, 2003, Stanford, California

24TTH01



about10 ab−1 will be neededto discriminatebetweenthe large andsmall |αeff − α|
solutions.41

4.2 B0 → ρ±π∓

Similar to thedecayB0 → π+π−, thedecayB0 → ρ±π∓ proceedsdominantlyvia a

b → u treediagramor ab → d penguindiagram.However, unlikeB0 → π+π−,B0 →
ρ±π∓ is not aCP eigenstateandfour flavor-chargecombinationsmustbeconsidered

(B0(B0) → ρ±π∓). ThisrequiresmoreCP parameterstodescribethetime-dependence

of the decay, but the modeB0 → ρ±π∓ benefitsfrom an almostfive times larger

branchingfraction.

In principle, the CKM angleα canbe measuredin the presenceof penguincon-

tributionswithout large theoreticaluncertaintiesby usinga Dalitz plot analysisof the

π+π−π0 final state.However, dueto low π0 reconstructionefficiency in certainareasof

theDalitz plot andlargebackgroundsfrom mis-reconstructedsignaleventsandotherB

decayssuchananalysisrequireslargestatistics.

BABAR
42 hasperformedan analysisbasedon a quasi-two-body approachby re-

stricting the time-dependentfit to eventsin the two regionsof theDalitz plot thatare

dominatedby B → ρ±π∓. The time-dependentdecayratesfor B0(B0) → ρ±π∓ are

givenby

fρ
±π∓

q (∆t) = (1 ± AρπCP )
e−|∆t|/τ

4τ
× [1 + q(Sρπ ± ∆Sρπ) sin(∆mB∆t) − q(Cρπ ± ∆Cρπ) cos(∆mB∆t)]

whereq = +1 (−1) whenBtag is aB0 (B0). Thetime-andflavor-integratedcharge

asymmetriesAρπCP measuredirectCP -violationandtheparametersSρπ andCρπ parame-

terizemixing-inducedCP -violationrelatedto theCKM angleα andflavordependentdi-

rectCP -violation,respectively. Theparameter∆Cρπ describestheasymmetrybetween

the decayratesΓ(B0 → ρ+π−) + Γ(B0 → ρ−π+) andΓ(B0 → ρ−π+) + Γ(B0 →
ρ+π−). The parameter∆Sρπ is relatedto the strongphasedifferencebetweenthe

amplitudescontributing to theB → ρ±π∓ decays. The parametersare relatedvia

Sρπ ±∆Sρπ =
√

1 − (Cρπ ± ∆Cρπ)2 sin(2α±
eff ± δ) where2α±

eff = arg[(q/p)Ā±
ρπ/A

∓
ρπ],

δ = arg[A−
ρπ/A

+
ρπ], andA+

ρπ (Ā+
ρπ) andA−

ρπ (Ā−
ρπ) arethetransitionamplitudesfor the

processesB0(B0) → ρ+π− andB0(B0) → ρ−π+, respectively. The anglesα±
eff are

expectedto beequalto α in theabsenceof contributionsfrom penguinamplitudes.
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Fig. 15. Distributionsof ∆t for kaonandleptontaggedB → ρ±π∓ candidateevents

whereBtag is a(a)B0, (b)B0, and(c) raw flavor asymmetrybetweenB0 andB0 tagged

events.Thesolid line presentsthelikelihoodfit resultandthedashedline presentsthe

backgroundcontribution.

With a sampleof 89 million BB̄ pairs,BABAR finds428 ± 34 B → ρ±π∓ events.

The∆t distributionsfor eventsenrichedin B → ρ±π∓ decaysareshown in Fig. 15.

TheCP -asymmetriesaredeterminedfrom anunbinnedlikelihoodfit to be

AρπCP = −0.18 ± 0.08 ± 0.03, ∆SρπCP = 0.15 ± 0.25 ± 0.03,

SρπCP = 0.19 ± 0.24 ± 0.03, ∆Cρπ
CP = 0.28 ± 0.19 ± 0.04,

Cρπ
CP = 0.36 ± 0.18 ± 0.04.

Themeasurementof directCP -asymmetrycanbeexpressedas

A+− =
N(B0 → ρ+π−) −N(B0 → ρ−π+)

N(B0 → ρ+π−) +N(B0 → ρ−π+)
=
AρπCP − Cρπ

CP − AρπCP∆Cρπ
CP

1 − ∆CCP − AρπCPC
ρπ
CP

A−+ =
N(B0 → ρ−π+) −N(B0 → ρ+π−)

N(B0 → ρ−π+) +N(B0 → ρ+π−)
=
AρπCP + Cρπ

CP + AρπCP∆Cρπ
CP

1 + ∆CCP + AρπCPC
ρπ
CP

which BABAR measuresto be

A+− = −0.62+0.24
−0.28 ± 0.06,

A−+ = −0.11+0.16
−0.17 ± 0.04.
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Thevaluefor A+− yieldsahint of adeviation from nodirectCP violationof about

2σ. Moredatais requiredtomeasuredirector time-dependentCP -violationin thedecay

B → ρ±π∓ atasignificantlevel.

5 Measurements sensitive to γ

Theangleγ of theUnitarity Triangleis definedasγ = arg(−VudV ∗
ub/VcdV

∗
cb). Thus,B

decaymodesin which b → u treeamplitudesinterferewith b → c treeamplitudesare

sensitive to γ. Decaysof the typeB → DX, whereX is oneor morelight mesons,

which canbemediatedby bothof theseamplitudescanbeusedto measureγ. These

modesaretheoreticallyclean,becausethesinglecharmquarkin thefinal stateensures

thatthereis nocontribution from penguinamplitudes.

5.1 B+ → DK+

ThedecayB+ → DK+ canproceedvia two differenttreeamplitudes.Theamplitude

for b̄ → c̄us̄ leadsto thefinal stateD0K+ andtheamplitudefor b̄ → ūcs̄ leadsto the

final stateD0K+ asshown Fig. 16. Thetwo amplitudesdiffer by theweakphaseγ and

caninterfere,if D0 andD̄0 decayto thesamefinal state43 (e.g.aCP eigenstatesuchas

K+K−).

s

c 

u 

V

V

cb

us

b

u u

Vub

V cs

b

c 

u 

s

u u

Fig. 16. Feynman-diagramsfor the decayamplitudesof B+ → D0K+ (left) and

B+ → D0K+ (right).

In principle, theangleγ canbeextracted,if the ratesof decayfor B+ → D0K+,

B− → D0K−, B± → D+K
±, andB+ → D0K+ aremeasured(theCP eigenstatesof

theneutralD mesonaredefinedasD± = (D0 ±D0)/
√

2). Therelationsbetweenthe

involvedamplitudesaresketchedin Fig. 17.
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458 Methods of Measuring

2γ

D  K  )0 --A(B

-

=D  K  )0 +A(B+

D  K  )0 -A(B-

2 A(B D  K  )+
0 ++

D  K  )0 +A(B+ 2 A(B D  K  )+
0 -

Figure 7-4. Triangle relations among decay amplitudes.

Although doubly Cabibbo-suppressed, the may also decay into a final state, where
[26]. Taking into account that the primary decay

has a branching ratio of , the decay chain also has a total
branching ratio of . Since both decay chains give the same final state, there will be
interference effects between the two channels. All possible hadronic tags of the in the decay

will be similarly affected by such interference effects. This serious problem can
in principle be avoided by using the semileptonic decay to tag the . However,
there will be huge backgrounds, for instance from , which are larger and
may be difficult to control [5]. Another problem that eigenstate decays of the neutral system

are experimentally challenging since the corresponding (detection
efficiency) is expected to be at most of . Therefore the original Gronau–Wyler method [4]
will unfortunately be very difficult in practice.

7.4.1.2 A method using decays

A variant of the determination of discussed above was proposed by Dunietz [27]. It uses the
decays , , and their charge conjugates. Since these
modes are “self-tagging” through , no time-dependent measurements are needed in
this method, although neutral decays are involved. Compared to the Gronau–Wyler approach
[4], both and are color-suppressed, i.e.,

(7.22)

Consequently the amplitude triangles are probably not as squashed as in the case.
The corresponding branching ratios are expected to be of . Unfortunately, one also has to
deal with the difficulties of detecting the neutral meson eigenstate .

REPORT OF THE BABAR PHYSICS WORKSHOP

Fig. 17. TrianglerelationsbetweenB± → DK± amplitudes.44

Unfortunatelythebranchingfractionsfor B+ → D0K+ andB− → D0K− cannot

bedeterminedwith hadronicD decays.Thecombinedbranchingfractionfor thedecay

understudyB+ → D0K+ followedby aD0 decayinto a Cabibbo-favoredfinal state

(e.g.D0 → K−π+) is expectedto beof similarmagnitudeasthebranchingfractionfor

thedecayB+ → D0K+ followedby a doublyCabibbo-suppressedD0 decay(D0 →
K−π+). Still, from the measuredB± → DK± branchingfractionsCP -asymmetries

A± andCabibbo-suppressiondoubleratiosR± canbe definedwhich arerelatedto γ

andtheratio of themagnitudesr andthestrongphasedifferenceδ betweentheb → u

andb → c amplitudes:

A± =
B(B− → D±K

−) − B(B+ → D±K
+)

B(B− → D±K−) + B(B+ → D±K+)
=

±2r sin δ sin γ

1 + r2 + 2r cos δ cos γ
(19)

R± =
B(D±K

−)/B(D±π
−)

B(D0K−)/B(D0π−)
= 1 + r2 ± 2r cos δ cos γ (20)

BABAR
45 andBelle46 have measuredA± andR± in B+ → DK+ decays.BABAR

reconstructstheD mesonin theCP -even final stateK+K− in 75 fb−1of data. Belle

reconstructstheD in theCP -evenfinal statesK+K− andπ+π− andtheCP -oddfinal

statesK0
S
π0,K0

S
φ,K0

S
ω,K0

S
η andK0

S
η′ in 78 fb−1of data.ThemeasuredCP asymme-

triesandCabibbo-suppressiondoubleratiosandarelistedin Table1.

It is in principlepossibletoextractr fromthemeasurementsofA± andR±. However,

sincethe b → c transitionis color-allowed and and the b → u transitionis color-

suppressedr is likely to besmall.A recentpredictiongivesr ∼ 0.2.47 Theparameters

A± andR± aresensitivetor onlyin secondorderandthuslargedatasamplesarerequired

to determiner. Dueto theeffect of doublyCabibbo-suppressedD decaysr cannotbe

SLAC Summer Institute, July 28 - August 8, 2003, Stanford, California

28TTH01



Sample CP even CP odd

BABAR (DK) A+ = 0.17 ± 0.23 ± 0.08

R+ = 1.06 ± 0.26 ± 0.17

Belle (DK) A+ = 0.06 ± 0.19 ± 0.04 A− = −0.19 ± 0.17 ± 0.05

R+ = 1.21 ± 0.25 ± 0.14 R− = 1.41 ± 0.27 ± 0.15

Table 1. MeasuredCP asymmetriesand Cabibbo-suppressionratios in B → DK

decays.

measuredfrom the ratio of branchingfractionsfor B+ → D0K+ andB+ → D0K+

with D decaysto flavor specifichadronicfinal states.SemileptonicD decayscouldbe

usedfor suchameasurement,but largebackgroundsmakethisapproachinfeasiblewith

currentdatasamples.

Althoughr cannotbedeterminedfrom A± andR±, from theexact relation(R1 −
R2)/2 = 2r cos δ cos γ andtheapproximaterelation(A1 − A2)/2 ≈ 2r sin δ sin γ (to

orderr2) limits onγ maybeset.Forexample,fromtheBABAR andBellemeasurements,

onecanextract2r sin δ sin γ = 0.15 ± 0.12 which is correctto orderr2.

An alternativemethodto measureγ withB+ → DK+ hasbeensuggestedto exploit

theinterferencebetweenthecolor-suppressedb → u transitionfollowedby aCabibbo-

allowed hadronicD decayandcolor-allowed b → c transitionfollowed by a double

Cabibbo-suppressedD decay.48 Unfortunately, thesemodesareexpectedto havesmall

branchingfractionsandhavenotbeenobserved,yet.

While the extractionof the CKM angleγ from the measuredbranchingfractions

for B− → DK− decaysis theoreticallycleanthecurrentmeasurementsindicatethat

aboutanorderof magnitudemoredatais requiredto provide usefulconstraintsfor the

measuredCP parameters.

5.2 B0 → D(∗)0K0
S

ThedecaysB0 → D(∗)0K0
S

andB0 → D(∗)0K0
S

proceedthroughtwo color-suppressed

treeamplitudesasshown in Fig. 18. Theweakphasedifferencebetweenthetwo decay

amplitudesis γ andB0B0 mixing introducesa phaseof 2β. Thusthe time-dependent

CP -asymmetriesfor the final statesD0K0
S

andD0K0
S

aresensitive to the parameter

2β + γ.

Belle49 hasobservedthedecayB0 → D0K0
S

in 78 fb−1andmeasuredits branching
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Fig. 18. Feynman-diagramsfor the decayamplitudesof B0 → D(∗)0K̄0 (left) and

B0 → D(∗)0K0 (right).

ratio to be (5.0 ± 1.3 ± 0.6) × 10−5. The ∆E distribution of the selectedeventsis

shown in Fig. 19. Theselectedfinal samplecontains27.0 ± 7.3 B0 → D0K0
S

events.

Significantlymoredatais requiredto extract2β + γ from thetime-dependenceof the

decayrates.
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Fig.19. Distributionsof ∆E for selectedB → D0K̄(∗)0 eventsfromBelle. Thehatched

histogrampresentseventsin aD0 sidebandregion.

Bellealsoobservesthe(self-tagging)b → cmediateddecayB0 → D0K∗0, (K∗0 →
K+π−) andmeasuresits branchingfraction to be (4.8 ± 1.1 ± 0.5) × 10−5. They do

notobserve thedecayB0 → D0K∗0 whichproceedsthroughtheb → u amplitudeand
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setan upperlimit on its branchingfraction of 1.8 × 10−5 (90 % C.L.). The ratio of

thetwo decayratesis sensitive to therelative contributionsfrom theb → c andb → u

amplitudes.Belle alsosets90 % C.L. upperlimits on thebranchingfractionsfor the

modesB0 → D∗0K∗0,B0 → D
∗0
K∗0, andB0 → D∗0K0

S
at (4 − 7) × 10−5.

5.3 B0 → D(∗)∓π±

ThedecayB0 → D(∗)∓π± canproceedthroughaCKM-favoredamplitudeproportional

to the CKM matrix elementsVcbV ∗
ud or througha doubly-CKM-suppressedamplitude

proportionalto the CKM matrix elementsVcdV ∗
ub. The Feynmandiagramsfor both

amplitudesare shown in Fig. 20. The relative weak phasebetweenthe two decay

amplitudesis γ, and2β is introducedby B0B0 mixing. In contrastto theB → DK

decaystheVcb-mediatedamplitudeis lesssuppressedandtheVub-mediatedamplitude

is morestronglysuppressed.This leadsto amuchlargerdecayratefor B0 → D(∗)±π∓

with amuchsmallerCP asymmetry.

b c

W
-

d

u

d d

(a)

Vcb

Vud
*

b u

W
+

c

d

d d

(b)

Vub
*

Vcd

Fig. 20. Feynmandiagramsfor the CKM-favoreddecayB̄0→D(∗)+π− (left) andfor

thedoubly-CKM-suppresseddecayB0→D(∗)+π− (right).

Thedecayratedistributionsfor B0→D±π∓ decaysaregivenby

f±(η,∆t) =
e−|∆t|/τ

4τ
× (21)

[ 1 ± Sη sin(∆mB∆t) ∓ ηC cos(∆mB∆t)] ,

wherethesuperscript+(−) refersto whethertheflavor ofBtag isB0 (B0), with η = +1

(−1) for thefinal stateD−π+ (D+π−). TheS andC parameterscanbeexpressedas

Sη =
2 Im(λη)

1 + |λη|2
, C =

1 − |λ|2
1 + |λ|2 , (22)
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with thedefinitions|λ| = |λ+| = 1/|λ−|, andλ± = q
p
A(B0→D∓π±)/A(B0→D∓π±) =

|λ|±1e−i(2β+γ∓δ), whereδ is the relative strongphasebetweenthe CKM-favoredand

the doubly-CKM-suppressedamplitudes.The sameequationsapply for B0→D∗±π∓

decayswith |λ| andδ replacedby theparameters|λ∗| andδ∗.

Themeasurementof sin(2β + γ) with B0→D∗±π∓ eventsrequiresexternalknowl-

edgeof theratiosof thedecayamplitudes|λ(∗)|. Theseratiosareexpectedto besmall

(|V ∗
ubVcd/V

∗
udVcb| ≈ 0.02) andcannotbedeterminedfromB0→D(∗)±π∓ eventsdirectly

with currentlyavailabledatasamples.However, |λ(∗)| canbe inferredfrom theratios

of branchingfractionsB(B0 → D(∗)+
s π−)/B(B0 → D(∗)−π+) usingtheSU(3)-based

symmetryrelation50:

|λ(∗)| = tan θC

√

√

√

√

B(B0→D
(∗)+
s π−)

B(B0→D(∗)−π+)

fD(∗)

fDs
(∗)

.

BABAR uses|λ| = 0.021+0.004
−0.005 and |λ∗| = 0.017+0.005

−0.007 calculatedfrom the mea-

surementsof theCabibboangleθC , andthebranchingfractionsB(B0→D(∗)−π+) and

B(B0→D(∗)+
s π−), andfrom calculationsof the form factorratiosf

D
(∗)
s
/fD(∗) . Addi-

tionalerrorsof 30%in r(∗) areattributedtoaccountfor unknowntheoreticaluncertainties

from SU(3) symmetrybreakingandannihilationcontributions to A(B0→D(∗)+π−).

Although a sourceof systematicuncertaintyfor all measurementsof time-dependent

CP asymmetriesin theB0 system,given the small expectedCP -violating amplitude

in B0 → D∗−π+ decays,this measurementis particularlysensitive to interferencebe-

tweentheb → u andb → c amplitudesin Btag decaysto certainhadronicfinal states.51

Therefore,eventsin the leptontaggingcategory which do not suffer from this effect

contributerelatively moreto thesemeasurementsthanfor otherfinal states.

BABAR
52 fully reconstructsa sample5200(4750)eventsof B0 → D−π+ (B0 →

D∗−π+) eventsin 81 fb−1. They alsousea sample53 of partially reconstructedB0 →
D∗−π+ eventswheretheeventtopologyisonlydeterminedfromthe(fast)pionfromthe

B0 decayandthe(slow) pion from theD∗− → D̄0π− decay. Theefficiency for partial

reconstructionof B0 → D∗−π+ eventsdoesnotsuffer from smallD0 branchingratios,

but thebackgroundlevel is significantlyhigherthanfor fully reconstructedevents.

The disributionsof mES and∆t of the selectedB0 → D∗∓π± eventsareshown

Fig. 21. TheCP parametersextractedwith unbinnedlikelihoodfits to the∆t distribu-

tionsarelistedin Table2.

From the measuredCP asymmetriesin the fully reconstructedB0 → D(∗)−π+

eventsa lower limit of | sin(2β + γ)| > 0.69 (68 % C.L.) is obtained. The partially
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Fig. 21. Distribution of mES for fully reconstructedtaggedB0 → D∓π± and

B0 → D∗∓π± candidates(left). Distributionsof ∆t for thecombinedsampleof fully re-

constructedB0 → D∗∓π± eventsin theleptontaggingcategory (right). Thesolid lines

presenttheprojectionsof thelikelihoodfitsandthehatchedareasrepresentbackground.

reconstructedB0 → D∗−π+ eventsyield alimit | sin(2β+γ)| > 0.75 (90% C.L.). The

two samplescombinedgive thelimit | sin(2β + γ)| > 0.76 (90% C.L.).

Sample 2|r(∗)| sin(2β + γ) cos δ 2|r(∗)| cos(2β + γ) sin δ

B0 → D±π∓ −0.02 ± 0.04 ± 0.02 0.03 ± 0.07 ± 0.04

B0 → D∗±π∓ (fully reco.) −0.07 ± 0.04 ± 0.02 0.03 ± 0.07 ± 0.04

B0 → D∗±π∓ (part. reco.) −0.063 ± 0.024 ± 0.017 −0.004 ± 0.037 ± 0.020

Table 2. BABAR measurementsof the time-dependentCP asymmetriesin B0 →
D(∗)∓π± events.

6 Conclusion

TheB factoriesBABAR andBellehaveestablishedCP violationin theB mesonsystem.

Themeasurementof sin2β with charmoniumkaonfinal statesis now morethanthirteen

standarddeviationsdifferentfrom zeroandhasbecomethemostpreciseconstrainton

theapex of theUnitarityTriangle.It is interestingto notethatthemeasurementof sin2β

with penguin-dominatedmodesdiffers by about2.5σ from this measurement.More

datawill show if this is justastatisticalfluctuationor thefirst evidencefor CP violation

from physicsbeyondthestandardmodel. TheUnitarity Triangleanglesα andγ have
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still muchlargertheoreticalandexperimentaluncertainties.For thedeterminationof α

with B0 → π+π− andB0 → ρ±π∓ a betterunderstandingof the contribution of the

penguinamplitudesis needed.OntheotherhandtheB → DK modesaretheoretically

clean,but muchlargerstatisticsis requiredfor aprecisedeterminationof γ.

Themeasurementsfrom BABAR andBelle have not disprovedtheCKM prediction

of onecomplex phaseassinglesourceof CP violation, yet. However, assaidin the

beginning, the currentmeasurementsof CP asymmetriesareunlikely to explain the

matteranti-matterasymmetryin theuniverse.Thus,to furtherexcludethepossibilityof

CP violation in thequarkmixing matrixbeyondtheCKM predictionBABAR andBelle

will accumulatemorethan500fb−1perexperimentoverthenext few yearsandcontinue

to improve theprecisionon theUnitarity Triangleparameters.
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