
K.M.Ecklund(Cornell)CLEOCKMPhysics

CKMPhysicsfromCLEO:|Vcb|,|Vub|

andhowb→sγhelps
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|Vcb|and|Vub|intheUnitarityTriangle

Programofheavyflavorphysics—testflavorsectorofStandardModel

Precisionmeasurementsof|Vub|and|Vcb|neededtotestCKMparadigm

forFlavormixingandCPviolation

Statusoftest:UnitarityTriangle;apexat(ρ,η)
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•Needsidesandangles

•|Vcb|isbaseofUT

•|Vub|isheightofUT

•Treelevelb→c`ν,b→u`ν:

•Newphysicsunlikely

•NoFinalStateInteractions

•QCDcorrectionsfromHQET

Non-perturbativeQCDishard:largestuncertainties

MusttestpredictionsofHQETandmakemultiplemeasurements!
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CKMMeasurementsinSemileptonicBDecays

b
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Innaivespectatorpicturethe

processisanalogoustoµdecay

Γ(b→u`ν)≈
G2

Fm5
b

192π3|Vub|
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Complication!

QCDCorrectionsareneeded

toextractweakdecayphysics

Bothperturbativeandnon-perturbativeQCDCorrections:

Directlycalculateormeasureviarelatedprocesses

UsemanytechniquesandcompareresultstogainconfidenceinQCDcorr.

Twoapproaches:ExclusiveandInclusivemeasurements
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|Vcb|fromB̄→D
∗
`ν̄

Extracting|Vcb|fromexclusivedecays:

Thedecayrateisgivenby

dΓ

dw
=

G2
F

48π3|Vcb|
2
[F(w)]

2
K(w)

w=vB·vD
∗=

m
2

B+m
2

D
∗−q

2

2mBmD
∗

I

b

c

c

I

q

q

q

I
I

I
I

Iw= 1

w> 1

•K(w)containskinematicfactorsandisknown

•F(w)istheformfactordescribingB→D
∗

transition

•HQETrelationssimplifytheformfactor

•HQSnormalizesatzerorecoil(w=1):AsMQ→∞,F(1)→1

•CorrectionstoHQSlimitatO(1/M2
Q):F(1)=0.91±0.04

Plan:MeasuredΓ/dwandExtrapolatetow=1toextractF(1)|Vcb|.
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CLEOB̄→D
∗
`ν̄PRL89,081803(2002)&PRD67,032001(2003)

Fit
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−13.3MBB̄)

Givenyieldsin10wbins

FitusingCapriniformfactor

Parameters:

•F(1)|Vcb|(intercept)

•ρ2(slope)

F(1)|Vcb|=(43.1±1.3±1.8)×10
−3

ρ2=1.61±0.09±0.21

Theory:F(1)=0.91±0.04

|Vcb|=(47.4±1.4±2.0±2.1)×10
−3

6.7%precision

Systematics!efficiency,bkgds,BFs

Larger|Vcb|thanpreviousresults
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Inclusiveb→c`ν̄

Ratherthanfocusingononehadronicfinalstatewherecorrectionsmay

becalculatedreliably,

Sumoverallstatesandcomparetoquark-levelcalculation

∑

i

Γ(B̄→X
(i)
c`ν̄)=Γ(b→c`ν̄)

Sumoverhadronicstates:X
(i)
c=D,D

∗
,D

∗∗
,Dπnon-resonant,...

Reliesonassumptionofquark-hadronduality

Hardtoquantify;mustbetested!

FortunatelythereareotherobservablesbesidesΓ

•leptonenergyspectrum

•hadronicrecoilmass

Usethesetoconstraintheoryparametersandtestconsistency
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TheoreticalToolsforInclusiveb→c`ν̄

HeavyQuarkExpansioninpowersof1/MBandαs

OperatorProductExpansion-introduceparametersasmatrixelements

ofnon-perturbativeoperators:

Atorder1/M:

Λ̄-≈MB−mbenergyoflightdegreesoffreedom

Atorder1/M2:

λ1-kineticenergyofbquarkinBmeson

λ2-hyperfineinteractionofbspinwithlightd.o.f.

(determineλ2=0.128±0.010GeV2fromB–B
∗

masssplitting)

Atorder1/M3:

ρ,T-sixmoreparameterswithless-intuitiveinterpretations

andsoon...[c.f.ManoharandWise,HeavyQuarkPhysics]
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UseHQE/OPEtoolstocalculatesemileptonicdecayrate

ΓSL=
G2

F|Vcb|2M5
B

192π3

[
G0+

1

MB
G1(Λ̄)+

1

M2
B

G2(Λ̄,λ1,λ2)

+
1

M3
B

G3(Λ̄,λ1,λ2|ρ1,ρ2,T1,T2,T3,T4)+O

(1

M4
B

)]

andmomentsofdecayspectrainB̄→Xc`ν̄:

〈E`〉,
〈
E2

`

〉
,
〈
M2

X

〉
[Falk,Luke,Savage,Gremm,Kapustin,Bauer,Trott]

andB→Xsγ:〈Eγ〉,
〈
E2

γ

〉
[Bauer,Ligetietal.]

Example:

〈Eγ〉=
MB

2[1−.385
αs

π−.620β0(
αs

π)2−Λ̄
MB(1−.954

αs

π−1.175β0(
αs

π)2)

−
13ρ1−33ρ2

12M
3

B

−
T1+3T2+T3+3T4

4M
3

B

−
ρ2C2

9MBM
2

DC7

+O(1/M
4
B)]
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B→Xsγ:EγMoments

1.52.53.54.5
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Spectator Model

mb = 4690 MeV/c2

pF  =   410 MeV/c

CLEOb→sγspectrum

PRL87,251807(2001)〈Eγ〉≈mb/2

Broadenedby

•Fermimotion

•gluonbremsstrahlung

•Bboostinlab

UsefirstmomenttodetermineΛ̄

Λ̄=0.35±0.08±0.10GeV

Theory:BauerPRD57,5611(1998)

Ligetietal.,PRD60,034019(1999)

〈Eγ〉=2.346±0.032±0.011GeV

〈(Eγ−〈Eγ〉)
2
〉=0.0231±0.0066±0.0022GeV

2
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B→Xc`ν:M
2
XMoments

b
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〈M
2
X−MD

2
〉=0.251±0.023±0.062GeV

2

〈(M
2
X−MD

2
)
2
〉=0.639±0.056±0.178GeV

4

Spin-averagedDmass:

MD=(MD+3MD
∗)/4
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DeterminationofΛ̄andλ1
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Λ̄=0.35±0.07±0.10GeV

λ1=−0.238±0.071±0.078GeV2

Warning:schemedependence

MStoorder1/M3,β0α2
s

Combine

B(B→Xc`ν)=(10.39±0.46)%

(CLEO,B→Xu`νremoved)

andτB(PDG2000)tofind

ΓSL=(0.427±0.020)×10
−10MeV

AddΛ̄,λ1todetermine

|Vcb|=(40.4±0.5±0.9±0.8)×10
−3

(M)(Γ)(T)

3.2%determinationof|Vcb|

implicitq-Hdualityassumption

E`momentsalsosensitivetoΛ̄,λ1

Howconsistent?
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B→Xc`ν:E`Moments

CLEOLeptonSpectrum(3fb
−1)

PRD67,072001(2003)

R0R1(GeV)

Electrons0.6184(16)(17)1.7817(08)(10)

Muons0.6189(23)(20)1.7802(11)(11)

Combined0.6187(14)(16)1.7810(07)(09)

GeneralizedEnergyMoments:

Gremmetal.PRL77,20(1996)

R0=

∫
1.7GeV

dΓ
dE`dE`

∫
1.5GeV

dΓ
dE`dE`

R1=

∫
1.5GeVE`

dΓ
dE`dE`

∫
1.5GeV

dΓ
dE`dE`
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ComparingConstraintsonΛ̄,λ1

-1


-0.5


0


0.5


-0.2
0
0.2
0.4
0.6
0.8
1


R
0
 Prelim


R

1

 Prelim


<
M
X
 

2

-M
D
 


2

>


<
(M
X
 

2

-
<
M
X


 
2

>
)


2

>


<
E
γ
>

<
(E
γ
-
<
E
γ
>
)


2

>


Λ
(MS)  GeV


λ
1
 (M
S)  G

eV



2


MomentMeasurements

fromCLEO

Allinagreement!

Worstwithin1σ(E+T)
〈
(Eγ−〈Eγ〉)2〉

EllipseshowsE+Tfrom

〈Eγ〉and
〈
M2

X

〉

Sofarinclusivemethod

looksgood,but...

•Uncertaintiesstilllarge

•Hintsoftroublefor
〈
M2

X

〉
asEmin

`islowered

(BaBar@ICHEP02)
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MeasurementofSemileptonicBranchingFraction

0123
Electron Momentum (GeV/c)

0

1000

2000

3000

4000

5000

6000
•UpdateofPRL76,1570(1996)

•10fb
−1ofBB̄data

•p>1.4GeV/cleptontag

98%B→X`ν;Q`=flavortag

•Additionalelectron(un)likesign

•Removebackgrounds

•Unfoldprimaryandsecondary

leptonsusingcharge,kinematic

correlations

•CorrectforB0–B̄0mixing

B(B→Xe+ν)=(10.88±0.08±0.33)%PRELIMINARY

Comingsoon:SpectralmomentsforEmin
`=0.7GeV
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|Vcb|SummaryandOutlook

Measurement|Vcb|×103δVcb/Vcb

CLEOB̄→D
∗
`ν̄(47.4±2.4±2.1)6.7%

|Vcb|WGAverageB̄→D
∗
`ν̄(42.0±1.2±1.8)5.2%

CLEOB̄→Xc`ν̄(40.4±1.0±0.8)3.2%

•Inclusivetechniquesarecurrentlymoreprecisebutwithrelianceon

theoreticalframeworktodeterminenon-perturbativeparameters

•Hintsofadiscrepancy(2σ)forB̄→D
∗
`ν̄

–WorkingGroupAveragehasonlya5%ConfidenceLevel

•Exclusive/Inclusiveagreementtestsquark-hadronduality

–CLEOExclusiveandInclusivedifferby2σ

–WGAverageExc.andInc.areinexcellentagreement

•ExpecttohearmorefromCLEOoninclusiveanalysessoon

ConferenceontheIntersectionsofParticleandNuclearPhysicsNYCMay19–24,200315
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ExperimentalChallengesinb→u`ν

FromLeibovichhep-ph/0011181

dΓ(b→c)/dEe

10 dΓ(b→u)/dEe

Ee (GeV)

dΓ
/dE

e

∆E

0

20

40

60

80

012

Largeb→c`νbackgrounds

•Signalis1%ofbackground!

•Suppressusingkinematics

Approaches:

•ExclusiveReconstruction

+Constraintsfromfullrecon

•InclusiveReconstruction

+Kinematiccuts(%ofrate)

–E`&2.4GeV(13%)

–q2&12GeV2(20%)

–MX.MD(70%)

Bothapproachescurrentlysuffer

fromlargeuncertainties

•Exc:Poorlyformfactors

•Inc:Effectofkinematiccuts

(...notveryinclusive!)
−→Importanttopursuebothinclusiveandexclusivemeasurements.
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|Vub|fromleptonspectrumandb→sγ

dΓ(b→c)/dEe

10 dΓ(b→u)/dEe

Ee (GeV)

dΓ
/dE

e

∆E

0

20

40

60

80

012

Tomeasureb→u`ν

Mustsuppressb→c`ν

CuttingonE`introducesproblems:

•Largemodeldependence

(Whatfractionabovecut?)

•Atedgeofspectrum

sensitivetobquarkmotion

Idea:Reduceproblemsbyusingb→sγphotonspectrum

Tofirstordersamenon-perturbativeQCDeffectssmearthespectra

Bothareheavy→lightdecays(ms,mu,m`,mν≈0)

Neubert;Bigi,Shifman,Uraltsev,Vainshtein;Leibovich,Low,Rothstein
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HowB→Xsγhelps|Vub|

0.511.522.5
Ee (GeV)

Parton level

PartonLevel

B→Xsγ

=⇒
Smearing

from

b-quark

motion

inB

=⇒
B→Xu`ν

0.511.522.5
Ee (GeV)



Hadron Level

HadronLevel

b→sγissortofaGreen’sfunctionforsmearing
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MeasurementofEndpointRate

CLEO,Phys.Rev.Lett.88,231803(2002)9.1/4.3fb
−1On/Off-Υ(4S)

dΓ(b→c)/dEe

10 dΓ(b→u)/dEe

Ee (GeV)

dΓ
/dE

e

∆E

0

20

40

60

80

012

AnalysisStrategy:

•LeptonenergycutE>2.2GeV

•ControlB→Xc`νbyfitbelow

2.2GeV

•Removee+e
−
→qq̄→`

–suppresswitheventshape

–subtractwithoff-Υ(4S)data

•Removeotherbackgrounds

LeptonYields:

Non8967B→Xc`ν4562±33±246

Noff983Backgrounds474±22±67

NBB̄6938±115±20B→Xu`ν1901±122±256
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|Vub|fromleptonspectrumandb→sγ
L

ep
to

n
s / (50 M

eV
/c)

5000
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0

0

3.00 2.75 2.50 2.25 2.00
Momentum (GeV/c)

( a )

( b )

0970102-001
In(2.2<p`<2.6)GeV/c

•suppressandsubtractqq̄(cyan)

•subtractB→Xc`νyield(hist)

•Nub=1901±122±256

B→Xu`νevents

•∆Bu=(2.30±0.15±0.35)×10
−4

•Fromtheb→sγspectrum

fu=0.130±0.024±0.015

B(B→Xu`ν)=∆B/fu=(1.77±0.29∆B±0.38fu)×10
−3implies

|Vub|=(4.08±0.34exp±0.44fu±0.16Γ±0.24Λ/MB)×10
−3

Improved15%uncertaintyCLEO,Phys.Rev.Lett.88,231803(2002)
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|Vub|fromExclusiveSemileptonicBDecays

+

− b 0
B

u Vub

ν

d d

W+

π

e

Γ(b→u`ν)≈
G2

Fm5
b

192π3|Vub|
2

Rategives|Vub|2

π

Onceagain,

QCDCorrectionsareneeded

toextractweakdecayphysics

dΓ

dq2=
G2

Fp3
π

24π3|f1(q
2
)|

2
|Vub|

2

Formfactorsneededfromtheory

(LQCD,LCSR,quarkmodels)
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NeutrinoReconstruction

Useshermeticityofdetector(CLEO95%of4π):
•Emiss=2Ebeam−

∑
iEi

•~pmiss=−
∑

i~pi

•~pν≡~pmiss;Eν≡|~pmiss|

(betterresolutionthanEmiss)

•σ(~pν)≈110MeV/c

ν

µ

π

Other B daughters

Givespowerfulkinematicconstraintsforfullreconstruction:

Mm`ν=

√
E2

beam−|α~pν+~p`+~pm|
2

∆E=(Eν+E`+Em)−Ebeam

(αrescalesmagnitudeof~pνforslightlyimprovedmassresolution)

Energyandmomentumconservation:∆E≈0,Mm`ν=MBforsignal

Reject“ghost”tracks&showerfragmentsfromhadronicinteractions.
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SimultaneousMaximum

LikelihoodFit

•∆E,Mm`νvariables

•7signalmodetopologies[π,ρ,ω,η]`ν

•Isospin&quarksymmetryconstraints:

–Γ(π
−
)=2Γ(π0)

–Γ(ρ
−
)=2Γ(ρ0)=2Γ(ω)

•3q2binsforπandρ

•Neteventcharge|∆Q|=0,1

•Accountsforcrossfeed

π→ρ,ρ→πetc
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3600203-007
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8 < q2 < 16 GeV2 I
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B→π`
+
νq

2
binning

Projectionsshow∆Q=0

(|∆Q|=1alsoinfit)

•pointson-resonancedata

•openhistogramsignal

•redhistogramcross-feed

fromVorηmodes

•yellowB→Xu`νother

•cyanfakes

•dottedcontinuum

•hatchedb→c
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B→π`νB→ρ`ν
d   /dq

2 (arbitrary units)
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Fit
dΓ
dq

2

•discriminate

amongstFFs

•extract|Vub|

B→π`ν

•smallFF

dependence

•ISGWIIis

disfavored

B→ρ`ν

•largerFF

dependence
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Extractionsof|Vub|fromB→π`νandB→ρ`ν

All q
2

q
2 

< 16 GeV
2

Average of LQCD + LCSR 

Ball '01
KRWWY
SPD
Average, all q2

Lattice QCD
FNAL '01
JLQCD
APE 
UKQCD '00

Average,

LCSR
Ball '01
KRWWY

Average,q
2
 < 16 GeV

2

3600103-003

II+ Vub     10
3

2.06.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5

: LQCD + LCSR +

: LQCD + LCSR

q
2
 > 16 GeV

2

I

(q
2
 > 16 GeV

2) I

hep-ex/0304019,submittedtoPRD

All q
2

q
2
 < 16 GeV

2

Average of LQCD + LCSR

Ball '98

Average, all q2

Lattice QCD

UKQCD '98

LCSR

II+ Vub     10
3

2.06.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5

Ball '98

UKQCD '98

Melikhov '00

ISGW II

: LQCD + LCSR

: LQCD + LCSR +

3600303-015

q
2
 > 16 GeV

2

I

|Vub|=(3.17±0.17
+0.16
−0.17

+0.53
−0.39±0.03)×10

−3(π+ρLQCD+LCSR)

+18%-14%measurementof|Vub|,dominatedbytheoryuncertainty
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SummaryandOutlook

•CLEOispioneeringmeasurementsof|Vub|and|Vcb|

•AnalysesusingmaturedataandMCsamples

–InclusiveandExclusivetechniques

–MomentsandRatesininclusivesemileptonicBdecays

–Obtain|Vcb|(σ≈3%)and|Vub|(σ≈15%)

–InsightintoCKMelectroweakandQCDphysics

•Mostresultsarelimitedbysystematicandtheoryuncertainties

•Techniquestoreducemodeldependence

–Useofb→sγphotonspectrum

–Measurementofpartialrates,testingformfactors

•FutureprogressonCKMphysics

–NewCLEOBanalyses–CLEO-c:CKM,QCDincharmdecays

ConferenceontheIntersectionsofParticleandNuclearPhysicsNYCMay19–24,200327



K.M.Ecklund(Cornell)CLEOCKMPhysics

BackupSlides
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StatusofF(1)|Vcb|

25

27.5

30

32.5

35

37.5

40

42.5

45

47.5

00.20.40.60.811.21.41.61.82
ρ

2

F
(1)|V

cb |/10
-3

ALEPH

DELPHI (Prel.)

OPAL

CLEO

Belle

average

CorrelatedF(1)|Vcb|&ρ2

|Vcb|WGCombined2d-fit

accountsforcorrelations

(stat&syst)amongexpts.

Currently5%C.L.

N.B.OnlyCLEO

•IncludesD
∗0

•Fitsdatasimultaneously

forD
∗
X`νbackground

OthersshareD
∗
X`ν

estimate&model
Ellipsesare∆χ2=1foreachmeasurement(stat+syst)
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BF(B
0
→π

-
l
+
ν)x 10

-4

CLEO03(πlν)

BELLE02(πlν)

BELLE01(πlν)

CLEO96(πlν)

0.511.522.533.544.5

BF(B
0
→ρ

-
l
+
ν)x 10

-4

CLEO03(ρlν)
BaBar03(ρlν)

CLEO00+96(ρlν)
CLEO00(ρlν)
CLEO96(ρlν)

0.511.522.533.544.5

|Vub|x 10
-3

LEPavg(Inc)
BaBar02(Inc)
CLEO02(Inc)

CLEO03(π,ρlν)
BaBar03(ρeν)

BELLE02(πlν)
CLEO00+96(π,ρlν)

22.533.544.555.56
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CLEO’sFutureinCKMPhysics

3070902-015
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0.80.60.40.200.8 0.6 0.4 0.2 I I II

IIII IIII
Vub
Vcb

md AACPCP)))

ms
md

exclusion exclusion exclusion exclusion exclusion exclusion exclusion exclusion exclusion exclusion exclusion

AAACPCPCPSSS))) CP ACPCP))
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0.80.60.40.200.8 0.6 0.4 0.2 I I II

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

ms
md

0IIII IIII
Vub
Vcb

md

exclusion exclusion exclusion exclusion exclusion exclusion exclusion exclusion exclusion exclusion

Apartfromsin2β,CKMconstraints

arelimitedbyQCDcorrections.

CLEO-cprogramofweakdecay

physicsatcharmthresholdcanhelp

validatethoseQCDcalculations.

•D+andD+
sdecayconstantshelp

limitsfromBoscillations

•semileptonicDdecayform

factorshelpinBdecays,|Vub|

•charmbranchingfractions

(D0→K
−
π+)help|Vcb|

Impactofshrinkingtheory

uncertaintiesonlyshownonbottom.
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