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Belle CollaborationBelle Collaboration
~250 physicists, 51 institutions, many nations ~250 physicists, 51 institutions, many nations 
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CP in the Standard ModelCP in the Standard Model
Unitarity of CKM:
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CP violation in B Decays at the CP violation in B Decays at the ϒϒ(4S)(4S)

Indirect:
Interference via mixing

Such that for

Get CP-dependent oscillation in decay time difference

{cc}+{Ks,KL,¹0}B
CP

eigenstate

fCP

B

ϒϒ(4S)(4S)→→BBBB
CP=-1CP=-1 Identify b/b @t=0: Identify b/b @t=0: 

flavor taggingflavor tagging

CP=±1 mode @t=CP=±1 mode @t=∆∆tt
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CP violation in B Decays at the CP violation in B Decays at the ϒϒ(4S) (cont)(4S) (cont)

Direct CP: asymmetry of B, B BR's
¥ B→D0KÐ, D0→K+KÐ (φ3)
¥ B→K¹, ¹¹, KK (φ2,φ3)
These are rare decays - for CP, first need
¥ detection in significant numbers
¥ good PID to separate suppressed from

unsuppressed modes
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Belle detectorBelle detector

Charged tracking/vertexingCharged tracking/vertexing
- SVD: 3-layer DSSD Si µstrip- SVD: 3-layer DSSD Si µstrip
Ð CDC: 50 layers (He-ethane)Ð CDC: 50 layers (He-ethane)
Hadron identificationHadron identification
Ð CDC: dE/dxÐ CDC: dE/dx
Ð TOF: time-of-flightÐ TOF: time-of-flight
Ð ACC: Threshold Cerenkov (aerogel)Ð ACC: Threshold Cerenkov (aerogel)
Electron/photonElectron/photon
Ð ECL: CsI calorimeterÐ ECL: CsI calorimeter
Muon/KLMuon/KL
Ð KLM: Resistive plate counter/ironÐ KLM: Resistive plate counter/iron
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KEKBKEKB

σ(E*beam) = 2.6 MeV
IP size = 77µm(x) x 2.0µm(y) x 4.0mm(z)
Lmax = 2.0 X 1033 cmÐ2sÐ1 (design: 1x1034)
Data (6/1999Ð7/2000)

∫Ldt = 6.2 fbÐ1@ϒ(4S), 0.6 fbÐ1off
NBB= 6.34x106 (preliminary)

eeÐÐ  8.0 GeV
 8.0 GeV

ee++ 3.5 GeV 3.5 GeV
22 mr22 mr

βγβγ = 0.425 = 0.425
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Indirect CPVIndirect CPV

Results onResults on
¥ Time-dependent asymmetry¥ Time-dependent asymmetry
        CP tags (CP tags (φφ11))

      + flavor tag (lepton, K)+ flavor tag (lepton, K)
¥ observation of J/¥ observation of J/ψψKK1(1270)(1270)
¥ polarization of J/¥ polarization of J/ψψK*K*

J/J/ψψKKss ψψ'K'Kss χχC1  C1  KKss J/J/ψψ¹¹00 J/J/ψψKKL
↓      ↓  ↓   ↓ ↓      ↓  ↓      ↓     
l+l-   ¹+¹- l+l-  ¹+¹- J/J/ψγψγ ¹+¹- l+l- l+l-
        ¹0¹0 J/J/ψψ¹¹++¹¹--
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Indirect CPVIndirect CPV

Concept

Experimental considerations
¥True CP asymmetry (A) in signal (S) diluted by

background (B), wrong flavor tag (w), vertex
resolution (dres)

¥Parametrized by dilution factor (D):

ee-- ee++

ϒϒ(4S)(4S)

BB22

t=0t=0
∆∆zÅzÅ∆∆ttβγβγcc

BB11
~200 µm~200 µm

J/J/ψψ

KKss

flavor tag: e, µ, Kflavor tag: e, µ, K±±, ..., ...
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CP modes CP modes Indirect CPV (cont)Indirect CPV (cont)
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Yield:    246. ±   47.
Mean: 3685.77 (Fixed)
Width: 13.97 (Fixed)
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J/ψ π+ π-

Yield:    232. ±   25.
Mean:  589.88 ±  0.37 MeV/c2

Width:  3.15 ±  0.36 MeV/c2
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M l+l-γ - M l+l- (GeV/c2)

χc1 Yield:  404. ±   62.
χc1 Mean: 411.6 ±   0.6 MeV/c2

χc1 Width:   7.0 MeV/c2 (Fixed)
χc2 Yield:   92. ±   34.
χc2 Mean: 457.3 MeV/c2 (Fixed)
χc2 Width:   7.0 MeV/c2 (Fixed)

J/J/ψψ→→ee++eeÐÐ 4429±94 4429±94

J/J/ψψ→→µµ++µµÐÐ 4540±83 4540±83

J/J/ψψ''→→ll ++ll ÐÐ 246±47 246±47

J/J/ψψ''→→J/J/ψψ¹¹++¹¹ÐÐ  232±25  232±25

χχc1→→J/J/ψγψγ  404±62  404±62

Inclusive Inclusive 
charmoniumcharmonium

0

1000

2000

Dilepton mass (GeV/c2)

Dimuons
Yield: 4540. ±   83.
Mean:  3097.5 ±   0.3 MeV/c2

Width:  11.5 ±   0.3 MeV/c2

2.60 2.80 3.00 3.20 3.40
0

500

1000

Dielectrons
Yield: 4429. ±   94.
Mean:  3095.5 ±   0.4 MeV/c2

Width:  12.2 ±   0.4 MeV/c2

∫Ldt = 6.2 fbÐ1
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Exclusive {cc}KExclusive {cc}Kss  Indirect CPV (cont)Indirect CPV (cont)

Energy E*candÐE*beam≡∆E=0±(10-50 MeV)
depends on mode (E*beam≡√s/2)

Beam-constrained mass

MB≡ÃE*beam
2-p*cand

2

¥Cut on ∆E, plot MB:
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J/J/ψψ K KLL    Indirect CPV (cont)Indirect CPV (cont)

Candidates
¥ J/ψ: tighter cuts than ψKs,
    1.42<p*<2.00 GeV/c
¥ KL within 45û of expected

lab direction
¥ Calculate momentum in

CMS (p*) of B cand,
(assume B at rest in CMSð)

¥ fit to signal+bg

BackgroundsBackgrounds
¥ Mainly "physics":¥ Mainly "physics":
    J/    J/ψψKK**, ..., ...
¥ shapes estimated via MC¥ shapes estimated via MC

data
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ψψ K KLL  Indirect CPV (cont)  Indirect CPV (cont)

KL:
KLM/ECL clusters w/o

track
>1 KLM superlayers
Angular resolution: 3¡

(1.5¡ if ECL hit)

20 cm

BELLE
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Flavor tagging Flavor tagging   Indirect CPV (cont)Indirect CPV (cont)

Flavor of other B by tagging
Ð high-p lepton (p*>1.1 GeV): b→l-, b→l+

Ð net K charge: b→K-, b→K+

- (medium-p lepton, soft ¹)
Significance of CP asymmetry depends on
Ð tagging efficiency
Ð wrong-tag fraction w (measured)

bb cc ss
ll-- ll++
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Tagging summary Tagging summary   Indirect CPV (cont)Indirect CPV (cont)

Decay mode #
cands

est. bg #
tagged

CP=Ð1 J/ψKs, Ks->¹+¹-

J/ψKs, Ks->¹0¹0

ψ(2S)Ks, ψ(2S)->l+l-

ψ(2S)Ks, ψ(2S)->J/ψ¹+¹-

χc1Ks

70
4
5
8
5

3.4±1.0
0.3±0.1
0.2±0.1
0.6±0.3
0.8±0.4

40
4
2
3
3

CP=+1 J/ψKL

J/ψ¹0
102
10

47.6±4.8
0.6±0.3

42
4

Total 204 98

∫Ldt = 6.2 fbÐ1
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Measuring and fitting Measuring and fitting ∆∆zz  Indirect CPV (cont)Indirect CPV (cont)

z vertices
¥ BCP: σz~40 µm

use only leptons from J/ψ
constrained fit to measured IP

¥ Btag: σz~85 µm
remaining tracks, excluding Ks;
iterate, excluding tracks w. poor χ2/n
resolution includes physics (e.g. charm)

¥ σ∆z~100 µm (MC)

IP profileIP profile

∆∆zz

zz

secondarysecondary

primaryprimary
"CP side""CP side"

"tagging side""tagging side"
**
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Measuring and fitting Measuring and fitting ∆∆z (cont)z (cont)

Fitting
¥ distribution in ∆t~∆z/βγc
¥ unbinned max. likelihood fit, includes

- signal root distribution (analytic)
- wrong tag fraction (const)
- background: right & wrong tag (MC, 

parametrized)
- detector & tagging resolution

(parametrized,evt-by-evt)
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Wrong tag fractionWrong tag fraction  Measuring/fitting Measuring/fitting ∆∆z (cont)z (cont)

Same fit method, but flavor-specific mode
¥ÊB→D*-l+ν, D-l+ν + flavor tag (2 separate)

¥ separate same-, opp-flavor events
¥ fit to ∆z: outputs - wrong tag fraction for

B0(w), B-(w+), mixing (∆md), resolution function

Asymmetry due to mixing

"effective tagging efficiency" εeff=(1-2w)2εtag
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Wrong tag fractionWrong tag fraction  Measuring/fitting Measuring/fitting ∆∆z (cont)z (cont)

Tag εtag(%) w(%) εeff(%)

high-p* lepton 14.2±2.1 7.1±4.5 10.5±2.7

Kaon 27.9±4.2 19.9±7.0 10.1±4.9

med-p* lepton 2.9±1.5 29.2±15.0 0.5

soft ¹ 7.0±3.5 34.1±15.0 0.7

Total 52.0 21.2

MC values
B→D*-l+ν

∆md=0.49±0.026 ps-1

(PDG: 0.472±0.017 ps(PDG: 0.472±0.017 ps-1-1))

∫Ldt = 5.1 fbÐ1
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∆∆t resolutiont resolution Measuring and fitting  Measuring and fitting ∆∆z (cont)z (cont)

Resolution function
¥ Double Gaussian, parameters calculated event-

by-event, includes effects of
- detector resolution
- poorly measured tracks
- bias from e.g. charm
- approximation of ∆t=∆z/βγc

¥ form, params determined by
- Monte Carlo
- fits for D0→K-¹+, B→D*lν  lifetimes
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∆∆t resolutiont resolution Measuring and fitting  Measuring and fitting ∆∆z (cont)z (cont)

∆t used in other measurements, serve as checks
¥ B0 mixing w. dileptons

∆md=0.456±0.008±0.030 ps-1

(PDG2000: 0.472±0.017 ps-1)

¥ B lifetimes
Reconstructed B + flavor tag vertex
B→DX semileptonic+hadronic, ψX modes.

τ0=1.50±0.05±0.07 ps
(PDG2000: 1.548±0.032 ps)
τ+=1.70±0.06±0.11 ps
(PDG2000: 1.653±0.028 ps)

∫Ldt=5.1 fbÐ1

∫Ldt = 5.1 fbÐ1
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∆∆t resolutiont resolution Measuring and fitting  Measuring and fitting ∆∆z (cont)z (cont)

B0 mixing w. dileptons
Same sign
- 2 primaries, mixed event
- Primary+2ndary, unmixed & B+B-

- Backgrounds
Opposite sign
- 2 primaries, unmixed & B+B-

- Primary+2ndary, mixed&unmixed
- Backgrounds
Asymmetry in signal (2 primaries)

Nopp-Nsame
Nopp+Nsame

bb cc ss
ll-- ll++
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0.8

0.9
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∆Z (µm)
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(∆
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Belle Preliminary

Dilepton asymmetry  5.1 fb -1

∆m = 0.456 ± 0.008 ± 0.030
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ResultsResults  Indirect CPV (cont)Indirect CPV (cont)

J/J/ψψKKs J/J/ψψKKL
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ResultsResults  Indirect CPV (cont)Indirect CPV (cont)

Combined fit, CP=±1Combined fit, CP=±1
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Constraints on unitarity? Constraints on unitarity? Indirect CPV (cont)Indirect CPV (cont)

Not quite, but...
¥ still developing additional modes, tagging

methods
¥ expect much more ºLdt in the next year

B

_____∆MBs
∆MBd

_____∆M B s
∆M B d

-0.004 -0.002 0.000 0.002 0.004 0.006 0.008 0.010
0.000
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|s12 V cb|
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∆M B d
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Observation of J/Observation of J/ψψKK11(1270) (1270) Indirect CPV (cont)Indirect CPV (cont)

CP eigenstate when K1
0→Ksρ0

J/ψ→e+eÐ, µ+µÐ

+ K1(1270)→Kρ→K+¹+¹Ð, K+¹Ð¹0, K0¹+¹Ð

(0.62<M¹¹<0.84 Gev/c2,  MK¹¹<1.38 GeV/c2)

Measure ratios w. B+→J/ψK+ (B=(9.9±1.0)x10Ð4):
B(B0→J/ψK1

0(1270))=(1.4±0.4±0.4)x10Ð3

B(B+→J/ψK1
+(1270))=(1.5±0.4±0.4)x10Ð3
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Polarization of J/Polarization of J/ψψKK* * Indirect CPV (cont)Indirect CPV (cont)

If helicity = |0,0>, CP=+1 for B0→J/ψK*, K*0→Ks¹0

Reconstruct w. J/ψ→l+l-, K*→K+¹-, Ks¹+, K+¹0

176 candidates, fit decay angle distributions
¥ Helicity
    →ΓL/Γ=0.52±0.06±0.04
¥ Transversity
    →|A⊥ |2=0.27±0.11±0.05
Conclude: CP=+1 dominates

∫Ldt = 5.1 fbÐ1
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Polarization of J/Polarization of J/ψψKK**

Transversity

cos θtr
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Direct CP modes: BDirect CP modes: B→→DD(*)(*)KK

B→D0K- {D0→fCP} sensitive to φ3
CKM-suppressed: plot ∆E(D¹) vs PID

  B(B-→D0K-)/B(B-→D0¹-)=0.081±0.014±0.011
  B(B-→D*0K-)/B(B-→D*0¹-)=0.134+0.045±0.015
  B(B-→D*+K-)/B(B-→D*+¹-)=0.062±0.030±0.013
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Direct CP modes: BDirect CP modes: B→→K¹, ¹¹K¹, ¹¹

Penguins, CPV, new physics, É
Mode Yield Signifi

-cance
ε BRx105 ULx105

(90%CL)

K+¹- 25.6+7.5
-6.8±3.8 4.4 0.28±0.04 1.74+0.51

-0.46±0.34 -
¹+¹- 9.3+5.7

-5.1±2 1.9 0.28±0.04 0.63+0.39
-0.35±0.16 1.65

K+K- 0.8+2.1
-0.8 - 0.20±0.03 - 0.6

K0¹- 5.7+3.4
-2.7±0.6 2.4 0.13±0.02 1.66+0.98

-0.78±0.24 3.4
K0K+ 0.0+0.5

-0.0 - 0.11±0.02 - 0.8
K+¹0 32.3+9.4

-8.4
+2.4

-2.2 5.0 0.31 1.88+0.55
-0.49±0.23 -

K0¹0 5.4+5.7
-4.4

+1.0
-1.1 1.3 0.30 0.33+0.35

-0.27±0.07 1.0
¹+¹0 10.8+4.8

-4.0
+0.7

-0.5 3.9 0.19 2.10+0.93
-0.78±0.25 -



Beauty2000, Sept. 13-18, 2000 31

Direct CP modes: BDirect CP modes: B→→K¹, ¹¹K¹, ¹¹
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contours: K¹ vs ¹¹contours: K¹ vs ¹¹

∫Ldt = 5.1 fbÐ1
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Direct CP modes: BDirect CP modes: B→→K¹, ¹¹K¹, ¹¹
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Direct CP modes: BDirect CP modes: B→→K¹, ¹¹K¹, ¹¹

modesmodes
with ¹with ¹00

∫Ldt = 5.3 fbÐ1
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Summary/ProspectsSummary/Prospects
Results on
¥ sin 2φ1: 6.2 fb-1, 98 tagged events
¥ first observation of B→ψK1(1270)
¥ polarization of ψK*: CP=+1 dominates
¥ Other modes w CP possibilites:

D(*)K,  K¹, ¹¹
Next
¥ More CP modes, flavor tags to be added
¥ KEKB resumes Oct. 1 w. higher currents


