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FIntroduction

FExperimentalapparatus

FWarmingup:measurementofsin2φ1=sin2β

FMeasurementofCPviolationin:

lB
0
→π

+
π
−

lB
0
→η

′
KS,φKSandK

+
K
−
KS

lB
0
→J/ψπ

0

FMeasurementofb→s`
+
`
−

decays

FWhatcomesnext?

FSummary
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CPViolation

Fundamentalquantity:distinguishesmatterfromanti-matter.

Abitofhistory:

FFirstseeninK
0
decaysin1964

FDiscoveryofB
0
−B̄

0
mixingatARGUSin1987indicatedthattheeffectcouldbe

largeinBdecays

FManyexperimentswereproposedtomeasureit,someofthemwereactuallybuilt,
andsomegeneralpurposeexperimentstriedtodoit

FMeasuredintheB
0
−B̄

0
systemin2001bythetwodedicatedspectrometersBelle

andBaBaratasymmetrice
+
e
−

colliders-Bfactories
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CPViolationintheStandardModel

CPviolationisaccommodatedasanirreduciblephaseintheweakinteractionmixing
matrix(CKM)
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UnitarityofVleadstoconditionsthematrixelementshavetosatisfy,e.g.
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CPViolationinBdecays

CPviolationeffectsinBdecaysarepotentiallylargeduetotheinterferenceof
amplitudesforthedirectdecaytoaCPfinalstatefCPandthedecayaftermixing.

B

B

f

e-2iφΜ

CP

_

0

0

A

A
_

D

D

Thisresultsinadecayrateasymmetry:

ACP(t)≡
Γ(B̄

0
(t)→fCP)−Γ(B

0
(t)→fCP)

Γ(B̄0(t)→fCP)+Γ(B0(t)→fCP)

=Afcos∆mdt+Sfsin∆mdt

Af=
|λ
2
f|−1

|λ2
f|+1

Sf=
2Im(λf)

|λ2
f|+1

λf≡e
−2iφMAD(B̄→fCP)

AD(B→fCP)

Standardmodelpredictions

b→cc̄sb→cc̄db→ss̄sb→uūd

exampleJ/ψKSJ/ψπ
0

φKSπ
+
π
−

Af00small6=0

Sfsin2φ1sin2φ1sin2φ1“sin2φ2”

N.B.Af6=0→Γ(B̄→fCP)6=Γ(B→fCP)

→directCPviolation
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MeasurementofCPviolation-principle
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electron (8 GeV)

Υ(4  ) S
resonance

(3.5 GeV)

positron 
B

B

1

2

π

π

µ

µ

∆µ

K

B

ν

µ

K

D0

0

0

B
0

+

+

+

−

−

µ

z ~ 200   m

Full reconstruction

Vertexing

Flavor tagging

Needed:
alargenumberofBB̄pairs(100M)
→B-factory=
ahighluminositye

+
e
−

collider
withasymmetricbeamenergies

andaspectrometerwith
Fprecisevertexing(∆tfrom∆z)
Faccuratetrackinginmagneticfield

(momentaofdecayproducts)
Fefficientidentificationofe,µ,π,K

(taggingoftheBflavour)
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KEKBAcceleratorperformance1

peakluminosity=9.683·10
33

cm
−2

s
−1

integratedluminosityrecords:
day=513.6/pb
week=2.981/pb
month=11.433/pb
total=132.971/fb(Apr.22,2003)
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KEKBacceleratorperformance2
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Univ.ofLjubljanaandJ.StefanInstitute



BelleDetectorperformance

Trackingandvertexing
FCentralDriftChamber(CDC)

50layers
σpT
pT≈0.35%at1GeV/c

FSiliconVertexDetector(SVD)
3double-sidedsiliconlayers
impactparameterσ=55µm
for1GeV/ctracks(90

0
)

0123 (m)

e-e+
8.0 GeV3.5 GeV

SVD

CDC
CsIKLMTOF

ACC 150°

17° EFC

Particleidentification:

IdentifyK
±

upto3.5GeV/c(efficiency≈90%,fakerate≈6%)

FAerogelCherenkovCounter(ACC):ref.index1.01-1.03

FTimeofFlight(TOF):σ=95ps

FdE/dxinCDC:σdE/dx≈7%

Electronid:Electromagneticcalorimeter(CsI)
σE
E≈1.8%at1GeV

KLandMuondetector(KLM):14layers,εµ>90%atfakerate2%
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ReconstructionofB
0
→(cc̄)KSdecaymodes

0

8000

16000

Dilepton mass (GeV/c
2
)

E
v
e
n
ts

/(5
 M

e
V

/c
2
)

Dimuons
Yield: 65689. ±   309.
Mean:  3096.7 ±   0.1 MeV/c

2

Width:   9.1 ±   0.0 MeV/c
2

2.502.753.003.253.50
0

8000

Dielectrons
Yield: 59674. ±   374.
Mean:  3095.3 ±   0.1 MeV/c

2

Width:  10.6 ±   0.1 MeV/c
2

J/ψ→µ
+
µ
−
,e
+
e
−

σM=9.6(10.7)GeV/c
2

3.203.403.603.804.00
0
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1000

1500

2000
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2
)

E
v
e
n
ts

/(5
 M

e
V

/c
2
)

Dileptons
Yield:   4234. ±  197.
Mean: 3685.34 (Fixed)
Width: 11.81 (Fixed)

ψ(2s)→µ
+
µ
−
,e
+
e
−

σM=12.1GeV/c
2

0.200.300.400.500.60
0

1000

2000

3000

4000

5000

Ml+l-γ - Ml+l- (GeV/c
2
)

E
v
e
n
ts

/(5
 M

e
V

/c
2
)

χc1 Yield: 6611. ± 195.
χc1 Mean: 414.9 ± 0.5 MeV/c

2

χc1 Width:   8.7 ± 0.4 MeV/c
2

χc2 Yield: 1337. ± 120.
χc2 Mean: 460.6 MeV/c

2
 (Constrained)

χc2 Width:   9.6 MeV/c
2
 (Constrained)

χc1,χc2→J/ψγ

σ∆M=7.0GeV/c
2
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ReconstructionofB
0
→(cc̄)KSdecaymodes

KS→π
+
π
−

σM=4.1GeV/c
2

0.4700.4800.4900.5000.5100.520
Dipion mass (GeV/c

2
)

0

10000

20000

30000

KS→π
0
π
0

σM=9.3GeV/c
2
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Reconstructionofb→cc̄sCPeigenstates

Reconstructeddecaymodesforfullstatistics(78fb
−1

,85MBB̄)

5.2005.2255.2505.2755.300
Beam Constrained Mass (Gev/c

2
)

0

200

400

600

E
vents/(2 M

eV
/c

2)

Sum

J/ψ Ks(π
+
π

-
)

J/ψ Ks(π
0
π

0
)

ψ
,
 KS

χc1 Ks

ηc Ks

J/ψ K
*

Mbc=
√

E
2
beam−~p

2
Bcandidate

B
0
→events

S
S+N

J/ψKS(KS→π
+
π
−
)1285.976

J/ψKS(KS→π
0
π
0
)188.824

ψ(2S)KS

(ψ(2S)→`
+
`
−
)KS91.957

(ψ(2S)→J/ψπ
+
π
−
)112.911

χc1KS77.958
ηc(ηc→KSKπ)KS72.646
ηc(ηc→KKπ

0
)KS49.725

ηc(ηc→pp̄)KS21.936
J/ψK

∗
(K

∗
→KSπ

0
)101.917

totalCP=−11996.935

J/ψKL,CP=+11330.627

Total3326.807

2958eventsareusedinthefit
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ReconstructionofCP=+1:B
0
→J/ψKL

FdetectionofKLinKLMandECL
FKLdirection,noenergy

20 cm

BELLE

µ−
µ+

KL cluster

0.00.51.01.52.0
pB

cms (GeV/c)

0

100

200

300

400

500

N
um

ber of events / (0.05 G
eV

/c)

1330 events 1330 events

Purity = 63 %

J/Ψ KL (834 events)

J/Ψ KL X BG, KL detected J/Ψ KL X BG, KL detected

J/Ψ X BG, other J/Ψ X BG, other

combinatorial BG combinatorial BG

Fp
∗
≈0.35GeV/cforsignalevents

FbackgroundshapeisdeterminedfromMC,
anditssizefromthefittothedata
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MeasurementofCPviolation-continued
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electron (8 GeV)

Υ(4  ) S
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0

B
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+

+

+
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µ

z ~ 200   m

Full reconstruction

Vertexing

Flavor tagging

Determine∆tfrom∆z=βγc∆t:

Fclockstart:resolutionontagside140µm(ε=91%)-charmdecays

Fclockstop:resolutiononCPside75µm(ε=92%)

N.B.typically∆z=βγcτB=200µm
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Vertexing-checkwithlifetimemeasurement

UseB
0
→D

−
π
+
,D

∗−
π
+
,D

(∗)−
ρ
+
,B

0
→J/ψKSandB

0
→J/ψK

∗0
decays

1

10

10
2

10
3

-20-15-10-505101520

∆t (ps) ∆t (ps) ∆t (ps) ∆t (ps)

entries / 0.8ps

Data
Fit
BG
OL

Ftimeresolution:1.43ps

FB
0
lifetime1.551±0.018(stat)ps

FPDG:1.542±0.016ps
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Flavourtagging1

IdentifyB
0
/B̄

0
bythechargesofthedecayproductsoftheassociatedB.

Inclusiveleptons

Fhighmomentum`
−

b→c`
−
ν

Fintermediatemomentum`
+

c→s`
+
ν

Inclusivehadrons

Fhighmomentumπ
+

B
0
→D

(∗)−
π
+
,D

(∗)−
ρ
+
(ρ
+
→π

+
π
0
),...

FintermediatemomentumK
+

→K
+
X

Flowmomentumπ
−

D
(∗)−

→D̄
0
π
−

→taggingvariableq
q=+1ifthetaggingBisaB

0
,q=−1ifthetaggingBisaB̄

0
.

Efficiency>99.5%,εeffective=28.8±0.5%
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Flavourtagging2

Taggingisnotperfect:thereisalwaysachancewthatthetagisfake(lessforleptons,
moreforkaons).

→Theasymmetryoscillationisreduced,sin∆mdt→(1−2w)sin∆mdt.

→Needed:wforeachevent.

Classifyeventsintosixcategoriesinatagqualityvariabler.

Calibratetherelation(1−2w)vs.rwithdata:measuretheB
0
B̄
0
mixingamplitude

(usingB̄
0
→D

∗+
`
−
ν,D

(∗)+
π
−

andD
(∗)+

ρ
−

decays)in6intervalsinr

(OF-SF)/(OF+SF)
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1
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< r >

1-2w
l
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Resultwithfullstatistics(78fb
−1
,85MBB̄)

∆t (ps)

0

0.1

0.2

1/N
•dN

/d(∆t)

 qξf=+1

 qξf=−1

−0.4

−0.2

0

0.2

0.4

−8−6−4−202468

(N
qξ=+1 −N

qξ=−1 )/(N
qξ=+1 +N

qξ=−1 )

CPisviolated!Redpointsdifferfromblue.
Redpoints:B̄

0
→fCP=−1(orB

0
→fCP=+1)

Bluepoints:B
0
→fCP=−1(orB̄

0
→fCP=+1)

withfixedAccs=0:

−Sccs=sin2φ1=0.719±0.074±0.035

withfreeAccsandSccs:

|λccs|=0.950±0.046±0.026

Accsisconsistentwith0
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ComparisonbetweenCP=+1andCP=−1

−0.4

−0.2

0

0.2

0.4

−8−6−4−202468
∆t (ps)

(N
q=+1 −N

q=−1 )/(N
q=+1 +N

q=−1 )

SinceSccs=−ξccssin2φ1,ξccs=CP
CP=−1sample

sin2φ1=0.716±0.083

−0.4

−0.2

0

0.2

0.4

−8−6−4−202468
∆t (ps)

(N
q=+1 −N

q=−1 )/(N
q=+1 +N

q=−1 )

CP=+1sample

sin2φ1=0.78±0.17

N.B.Plotted:rawasymmetry.Theamplitudeof±sin2φ1sin∆md∆tisreduceddue
towrongtaggingbyafactor(1−2w).
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Checks,systematicerrors

Sameanalysisforflavourspecificfinalstates,wherethereshouldbenoasymmetry

B
0
→D

∗±
π
∓

−0.4

−0.2

0

0.2

0.4

−8−6−4−202468
∆t (ps)

(N
q
=

+
1
−
N

q
=

−
1
)/(N

q
=

+
1
+
N

q
=

−
1
)

“sin2φ1”=0.035±0.032

B
0
→J/ψK

∗0
,K

∗0
→K

+
π
−

−0.4

−0.2

0

0.2

0.4

−8−6−4−202468
∆t (ps)

(N
q
=

+
1
−
N

q
=

−
1
)/(N

q
=

+
1
+
N

q
=

−
1
)

“sin2φ1”=−0.021±0.093

B
0
→D

∗
`ν

−0.4

−0.2

0

0.2

0.4

−8−6−4−202468
∆t (ps)

(N
q
=

+
1
−
N

q
=

−
1
)/(N

q
=

+
1
+
N

q
=

−
1
)

“sin2φ1”=0.004±0.017

Systematicerrors:

vertexing0.022resolutionfunction0.014

possiblebiasinsin2φ1fit0.011J/ψKLbackgroundfraction0.010

∆md<0.010τB<0.010

April25,2003

ResearchSeminar,HumboldtUniv.,Berlin

RecentresultsfromBelle(stran19)PeterKrižan
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CPviolationinb→uūd

B

B

f

e-2iφΜ

CP

_

0

0

A

A
_

D

D

DecayamplitudeADisasumofatreeprocess
(involvingφ2)andapenguinprocess(involving
φ1)

b

dd

u
__

W

W

g

u

d
_

b
_

dd

u

u

d

_

_

A+ =D

Sππsin∆md∆t+Aππcos∆md∆t

with

Sππ6=sin2φ2

Aππ6=0

→|λππ|6=1andΓ(B
0
→π

+
π
−
)6=Γ(B̄

0
→π

+
π
−
)(directCPviolation)
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Breconstructionmethod

BR(B
0
→π

+
π
−
)=(4.4±0.6±0.3)10

−6
→backgroundhandlingbecomesessential!

-0.2

-0.15

-0.1
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-0.2-0.100.10.2
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14

5.25.2255.255.2755.3

Twovariables(inc.m.s.frame):

F∆E=E(Bcandidate)−Ebeam

FMbc=
√

E2
beam−~p2

Bcandidate
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ReconstructionofB
0
→π

+
π
−

Datasample78fb
−1

Signalregion:

F5.271GeV/c
2
<Mbc<5.287GeV/c

2

F|∆E|<0.057GeV

correspondingto±3σfromthecentralval-
ues.

N(ππ)=106
+16
−15events

41
+10
−9Kπfeed−across

128
+5
−6continuumevents

foreventswiththecontinuumsuppression
variablecutatLR>0.825

0
10
20
30
40
50
60
70
80

-0.200.20.4

∆E (GeV)

E
vents/20 M

eV

(a)
Totalπ K
π π+    −Three−body

qq

∆EdistributionafterMbccut
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Univ.ofLjubljanaandJ.StefanInstitute



ReconstructionofB
0
→π

+
π
−
,relaxedcriteria

Signalregion2:

F5.271GeV/c
2
<Mbc<5.287GeV/c

2

F|∆E|<0.057GeV
F+eventswithacontinuumsuppression

variable0.425(0.325)<LR<0.825

N(ππ)=106
+16
−15events

41
+10
−9Kπfeed−across

128
+5
−6continuumevents

0
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100

120

140

-0.200.20.4
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E
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FittingforSππandAππ

Likelihoodforeventi:

Pi=(1−fol)

∫

+∞

−∞

{(f
m
ππP

q
ππ(∆t

′
,wl;Aππ,Sππ)

+f
m
KπP

q
Kπ(∆t

′
,wl))·Rsig(∆ti−∆t

′
)

+f
m
qqPqq(∆t

′
)·Rqq(∆ti−∆t

′
)}d∆t

′
+folPol(∆ti).(1)

P
q
ππ=

e
−|∆t|/τ

B0

4τB0[1+q·{Sππsin(∆md∆t)+Aππcos(∆md∆t)}],

P
q
Kπ(∆t,wl)=e

−|∆t|/τB0
/(4τB0){1+q·(1−2wl)·AKπ·cos(∆md∆t)},

Pqq(∆t)=(1+q·Abkg)/2{fτe
−|∆t|/τbkg

/(2τbkg)+(1−fτ)δ(∆t)}

withfτ=0.014
+0.006
−0.004=fractionofthebackgroundwitheffectivelifetime

τbkg=2.37
+0.44
−0.34ps,determinedfromtheeventsintheqq-background-dominated

sidebandregion.

Probabilityfunctionsf
m
k(k=ππ,Kπorqq)aredeterminedonanevent-by-event

basisasfunctionsof∆EandMbcforeachLR-rinterval.
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Univ.ofLjubljanaandJ.StefanInstitute



CPviolation:SππandAππ

Theevent-by-eventmax.likelihoodfit
in∆tyields:

Aππ=
=+0.77±0.27(stat)±0.08(syst)

and

Sππ=
=−1.23±0.41(stat)

+0.08
−0.07(syst),
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Checks

Thedistributionsoftheraw∆tasymmetriesforprocesseswherenoasymmetryis
expected

(a)B
0
→π

+
π
−

sidebandevents,

(b)theB
0
→D

−
π
+
,D

∗−
π
+

and
D
∗−
ρ
+
candidatescombined,

(c)B
0
→K

+
π
−

candidates.

→consistentwithzeroasymmetry
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SystematicerrorsinSππandAππ

AππSππ
Source+error−error+error−error

Backgroundfractions+0.058−0.048+0.044−0.055
Vertexing+0.044−0.054+0.037−0.012
Fitbias+0.016−0.021+0.052−0.020
Wrongtagfraction+0.026−0.021+0.015−0.016
Physics(τB0,∆md,AKπ)+0.021−0.014+0.022−0.022
Resolutionfunction+0.019−0.020+0.010−0.013
Backgroundshape+0.003−0.015+0.007−0.002

Total+0.084−0.083+0.083−0.067
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Univ.ofLjubljanaandJ.StefanInstitute



SignificanceofSππandAππ

ConfidenceregionsforAππandSππ.

FAππ=0,Sππ=0isexcludedwith
99.93%CL(3.4σ)

FAππ>0(=directCPviolation):
observation,forevidenceneedmore
statistics

F“superweak”scenario(Sππ=
−sin2φ2,Aππ=0)excludedat2.3σ
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Univ.ofLjubljanaandJ.StefanInstitute



ConstraintsontheCKMangleφ2

Decayamplitudes:
AD(B

0
→π

+
π
−
)=−(|T|e

iδT
e
iφ3

+|P|e
iδP

)
AD(B

0
→π

+
π
−
)=−(|T|e

iδT
e
iφ3

+|P|e
iδP

)

λππ=e
−2iφ21+|P/T|e

i(δ+φ3)

1+|P/T|ei(δ−φ3)

b

dd

u
__

W

W

g

u

d
_

b
_

dd

u

u

d

_

_

A+ =D

Sππ=[sin2φ2+2|P/T|sin(φ1−φ2)cosδ−|P/T|
2
sin2φ1]/Rππ

Aππ=−[2|P/T|sin(φ1+φ2)sinδ]/Rππ

withRππ=1−2|P/T|cos(φ1+φ2)cosδ+|P/T|
2
,δ=δP−δT

|P/T|between0.15and0.45(Gronau+Rosner0.276±0.064)
φ1between21.3

0
and25.9

0
(Belle+BaBarcombined)
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ConstraintsontheCKMangleφ2
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CPviolationinb→ss̄s

W

g
b
_

dd

_

s

s

_

s

StandardModel:

FSsss=−ξfsin2φ1(b→cc̄s)

FAsss≈0

ξf=CPeigenvalueforthefCP

April25,2003

ResearchSeminar,HumboldtUniv.,Berlin

RecentresultsfromBelle(stran31)PeterKrižan
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B
0
→η

′
KS,φKS,K

+
K
−
KS

B
0
→η

′
KS

η
′
→π

+
π−η,ργ,η→γγ
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CPviolationinb→ss̄s-results
Rawasymmetries

B
0
→η

′
KS

η’KS
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−SKKK=
=0.52±0.46±0.11

+0.27
−0.03

AKKK=

=−0.42±0.36±0.09
+0.03
−0.22

lasterror:uncert.inCP±

fractions,w=(3
+16
−3)%

tobecomparedwithSccs=0.719±0.074±0.035
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CPviolationinB
0
→J/ψπ

0

B
0
→J/ψπ

0
isab→cc̄dtransitiontoaCP=+1eigenstate.
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MeasurementofB→Xs`
+
`
−

FFlavourchangingneutralcurrent(FCNC)processb→s``wasfirstmeasuredin
B→K``byBelle

FInclusiveb→s``measurementisamodelindependentprobefornewphysics

Inclusivemeasurement:pseudo-reconstructionofB→Xs`
+
`
−
,

forXsuseK
±

orKSwith0-4π(0or1π
0
)-accountsfor78%ofb→s``

Mbcafter∆Ecut
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E
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2)

FbackgroundfromB→XsJ/ψ(→
`
+
`
−
),Xsψ(2S)(→`

+
`
−
)removed

byM``veto

FcontaminationfromB→Xsπ
+
π
−

(4.5eventsforµµ,0.2foree)issub-
tracted

datasample60fb
−1
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M``andM(Xs)distributions

BR(B→Xs`
+
`
−
)=(6.1±1.4

+1.3
−1.1)·10

−6
forM``>0.2GeV/c

2
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01234
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E
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0123
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2
)

(d)

massspectraassumedinMC(SM
calculation,modelbyA.Alietal.)

observedspectra
witheff.correctedpredictions

InKandK
∗
regionsconsistentwithexclusivemeasurements.
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Whatcomesnext?

April25,2003

ResearchSeminar,HumboldtUniv.,Berlin

RecentresultsfromBelle(stran37)PeterKrižan

Univ.ofLjubljanaandJ.StefanInstitute



SpectrometerupgradesI

Upgradeofthesiliconvertexdetector

F3→4detectorplanes
Fbetterradiationhardness

oftheread-outelectronics
(0.35µmtechnology)

Ftobeincludedinearlytrigger
stages

Thedetectorisready,testedwithcosmics,waitingforthesummershut-downfor
installation
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SpectrometerupgradesII

PresentparticleID:oneofthemaincomponents
istheaerogelthresholdČerenkovcounter(ACC)
SeparationofK(below)vs.π(abovethr.):prop-
erlychoosingnforagivenkinematicregion
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SpectrometerupgradesII-continued

Improveparticleidentificationintheforward
direction(duetoconsiderableboost,only
taggingKcanbecoveredbythethreshold
aerogelČerenkovcounter):two-bodydecay
productshavemomentaofupto4GeV/c

Understudy:proximityfocusingČerenkov
counterwithaerogelasradiator

Aerogelasradiator:
n=1.05:θc(π)=310mrad,
θc(π)−θc(K)=23mradat4GeV/c
numberofphotonsin2cmofaerogel:17
(N0=90/cm,noabsorption)

track

aerogel
photon detector

ProximityfocusingRICHintheend-capregion
     aerogelphoton detector

charged particle

Cherenkov photons

2 cm20 cm

ProximityfocusingRICH-principle
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SpectrometerupgradesII-continued

Beamtestresults

accumulatedhitsonthephotondetector

tx(rad)
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verycleanČerenkovangledistribution

Typically,6photonsperβ=1trackaredetectedonaverage,→8seemswithinreach.
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Summary

FBellehasaccumulated¿130fb
−1

ofdataattheKEKBasymmetricBfactory

FCurrentresultsarebasedon89.6fb
−1

ofdata(78fb
−1

onΥ(4S),85MBB̄pairs)

FCPviolatingparametersaremeasuredtobe

Sccs=0.719±0.074±0.035,|λccs|=0.950±0.046±0.026

Sππ=−1.21
+0.38
−0.27

+0.16
−0.13,Aππ=+0.94

+0.25
−0.31±0.09

FTimedependentCPviolationwasmeasuredinb→ss̄sandb→cc̄d

FInclusiveb→s``wasmeasuredbypseudo-reconstruction:

BR(B→Xs`
+
`
−
)=(6.1±1.4

+1.3
−1.1)·10

−6

FUpgradesareeitherreadyorbeingpreparedtomakethespectrometerevenmore
preciseandefficient.

FThenextgenerationB-factory(SuperKEKB)isbeingconsidered.
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ρ−ηplane

FTriangle:asdetermined
fromothermeasure-
ments(PDG2002
compilation)

FBelle:presentresulton
sin2φ1
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