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• Introduction
• Tools

– KEKB
– Belle

• CP measurements
– φφφφ1  (ββββ)
– φφφφ2  (α)α)α)α)
– φφφφ3  (γγγγ)
– φφφφNP non-SM

• EW penguins
– B!!!!K(*) l++++l−−−−



Goal 1: map out CKM matrix with B mesons
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Goal 2: probe for non-SM physics
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• CKM:  is that all there is?
•is the unitarity        
^triangle a triangle?
•are there non-SM 
^phases

• “virtual” new physics

B K

l−−−−
l+

EW Penguin (b→→→→s l+l−−−−)

sensitive to possible 
massive “new” particles 



Tools



KEKB
•Two separate rings

•e+ (LER) : 3.5 GeV
•e−−−− (HER) : 8.0 GeV

•ECM : 10.58 GeV at ϒϒϒϒ(4S)
•Luminosity 

•target:     1034 /cm2/s
•achieved: 7.2x1033/cm2/s

•Small beam sizes:
• σσσσy ≈≈≈≈3 µµµµm;  σσσσx ≈≈≈≈ 100 µµµµm

•±11 mrad crossing angle 

asymmetric e+e−−−− collider



76fb-1

388fb-1/d



high lum.
with low
currents



A World-Wide Activity Involving ~50 Institutions

The Belle Collaboration



The Belle Collaboration

~250 Authors
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e- e+8.0 GeV 3.5 GeV

SVD

CDC
CsI KLM TOF

PID
150°

17°
EFC

" SVD   σ σ σ σ ~ 55µµµµm  for 1GeV/c @ 90o

" CDC  σσσσp/p ~ 0.35% @ 1GeV/c; σσσσπ π π π (dE/dx) ~ 7%%%%
" K±±±± id: TOF (σ ∼σ ∼σ ∼σ ∼ 100 ps);  Aerogel (n = 1.01 ~ 1.03)
" CsI  σσσσE/Eγγγγ ~ 1.5% @ 1GeV
" KLM (RPCs)  µµµµ±±±± : effic. > 90% ; ~2% fakes



φφφφ1 (ββββ)



B0

φφφφ1: interfere B→→→→fCP with B↔↔↔↔B→→→→fCP
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What do we measure?

t ≈≈≈≈ ∆∆∆∆z/c β γ

Flavor-tag decay
(B0 or B0 ?)

J/ψψψψ (ππππ++++)

KS (ππππ−−−−)

B - B
B + B

= (1-2w)sin2φφφφ1= (1-2w)sin2φφφφ1

e−−−−

e++++

more B tags
more B tags

∆∆∆∆z
t=0

fCP

(tags)



What’s needed?

• Lots of B mesons    (Br (B→→→→fCP) ~ 10−−−−3)
– very high Luminosity    ⇒⇒⇒⇒ KEKB

• Find CP eigenstate decays
– high quality ~4π4π4π4πdetector  ⇒⇒⇒⇒ Belle

• Tag other B’s flavor
– good particle id ⇒⇒⇒⇒ dE/dx, Aerogel, TOF

• Measure decay-time difference
– Asymmetric energies ⇒⇒⇒⇒ (@KEKB: γ β γ β γ β γ β cττττ≈≈≈≈200µµµµm)
– good vertexing ⇒⇒⇒⇒ silicon strip vertex detector



B→→→→ J/ψψψψKS
µµµµ++++µµµµ−−−−

ππππ++++ππππ−−−−



B0 →→→→ J/ψψψψ KS(→π→π→π→π+ππππ−−−− ) , etc

Energy difference:

Beam-constrained mass:

913 CP====−−−−1 evts
~10% bkgd

2
/

2 )()2(
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−+≡∆ ψ



B !!!! J/ψψψψ KL

Measure KLangles
in KLM, use

B-mass to get |p|

P*
B

767 evts 
~40% bkgd



Flavor-tag the other B meson

#Inclusive Leptons:
#high-p l−−−− b!!!! c l−−−− νννν
#intermed-p l+ s  l++++ νννν

#Inclusive Hadrons:
#high-p ππππ−−−− B0!!!!D(*)+ ππππ−−−−, D(*)+ ρρρρ−−−−, etc.
#intermed-p K−−−− K−−−− X,           ππππ−−−−ππππ0000

#low-p ππππ+ D0 ππππ+

Also need to consider correlations

Use inclusive flavor-specific properties:



2-level multi-dimensional flavor tagging

q = +1+1+1+1 ⇒⇒⇒⇒ Btag
q = −1−1−1−1 ⇒⇒⇒⇒ Btag
r=(1-2w)MC

MC-generated
look-up
tables



Determination of wrong tag fraction wl

-get w from the B⇔⇔⇔⇔B 
mixing amplitude:
(1-2wl)cos(∆∆∆∆md ∆∆∆∆t)

only use r to classify events

-reconstruct a B!!!!D*lνννν

-tag the other B



Multi-dimensional Flavor Tagging

• Uses all events
– Efficiency > 99%

– εεεε effective = 28 ±±±± 1.4%
• Includes correlations
• Use r (from mc) to classify
• Use w (from data) for CP fits

Data & MC track pretty well
1-

2w
l

r
fr

om
 

da
ta

from mc



Magnified vertex

Ks→π→π→π→π+ππππ−−−−

~7cm



y-z vertices



Vertex Resolution Function

−−−−0.23 ps

1111.49 ps

main + tail

tail
+0.18 ps3%

3.853.853.853.85ps



verify with B0 & B+ lifetimes

!!!!D(*) ++++ππππ−−−−

D∗+∗+∗+∗+ ρρρρ−−−−

J/ψΚψΚψΚψΚ(∗)0(∗)0(∗)0(∗)0

!!!!D0ππππ−−−−

J/ψΚψΚψΚψΚ−−−−

1.55 ± 0.03
± 0.02 ps

1.695 ± 0.026
± 0.015 ps

ττττ++++/τ/τ/τ/τ0000 = 1.091 ± 0.023 ± 0.014

PRL 88, 171801 (2002)



B0-B0 mixing (B0!!!!D∗∗∗∗−−−−ππππ++++,,,, partial)
D0 ππππ−−−− only use these

D0 missing mass
(OF-SF)/(OF+SF)

∆∆∆∆md = 0.505 ± 0.017 ± 0.020 ps-1

(with lepton tag)



Event-by-event Likelihood

background frac Sidebands
& MC

resolution function
B-lifetime studies

ξξξξf= ±1  for CP= ± ± ± ±1

PDG

wrong-tag frac.lone free 
parameter

b-flavor tag



Latest sin2φφφφ1 results (Spr 2002)

sin2φφφφ1(ββββ) = 0.82 ± 0.12 (stat) ± 0.05 (sys)

“Raw” asymmetries:



Compare with SM prediction

Conclude:  KM model works

SM prediction



φφφφ2 (αααα)



φφφφ2 (αααα) from B→→→→ππππ+ππππ−−−−
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Must deal with “Penguin Pollution”
i.e. additional, non-tree amplitudes

B0
ππππ+

ππππ−−−−
Vtb Vtd

*

Penguins can be ~comparable in 
strength to b!!!!u transitions



B!!!!Kππππ
sinθθθθc

B0
K+

B0 K+

ππππ

ππππ-

penguin Vts
Vtdpenguin

d ππππ++++

ππππ

cosθθθθc

Cabibbo 
suppressed

Cabibbo 
allowed

ππππ++++

ππππ
CKM suppressedCKM enhanced

ΓΓΓΓ(Kππππ)~3xΓΓΓΓ(ππππππππ)

d

penguins ~ Vub trees

tree
B!!!!ππππππππ

tree



∆∆∆∆t dependence for B!!!!ππππ++++ππππ−−−−

Rq(∆∆∆∆t) ∝∝∝∝ 1+q (Aππππππππcos(∆∆∆∆m∆∆∆∆t) + Sππππππππsin(∆∆∆∆m∆∆∆∆t))

mixing-induced CPVdirect CPV

q=+1 $$$$ B0 tag

−−−−1 $$$$ B0 tag



What are SM expectations?

Sππππππππ= sin2φφφφeff = sin2(φφφφW + δ)δ)δ)δ)

Gronau, London & 
Sinha2 (PLB514, 315)

|2δ|δ|δ|δ|
limits

Γ(πΓ(πΓ(πΓ(π0000ππππ0000)/Γ(π)/Γ(π)/Γ(π)/Γ(π++++ππππ−−−−))))

|2δ| δ| δ| δ| < 1501501501500000

penguin 
pollution 
phase



φφφφ2222 (α) (α) (α) (α) ≈≈≈≈100100100100οοοο (from SLAC’s poster)

~100o



SM expectation: φφφφ2 2 2 2 + δ+ δ+ δ+ δ ≈≈≈≈ 100100100100ο ο ο ο ±±±± 75757575οοοο

∴∴∴∴−−−−1.0  ≤≤≤≤ sin2(φφφφW + δδδδ)  ≤≤≤≤ +1.0

50o < 2(φφφφ2 2 2 2 + δ)<+ δ)<+ δ)<+ δ)<350o

+1

−−−−1



Expectations for direct CPV 

Tree

Penguin

Vub
∗
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ππππ+

B0

B→→→→ππππ++++ππππ−−−− - B→→→→ππππ++++ππππ−−−−

B→→→→ππππ++++ππππ−−−− + B→→→→ππππ++++ππππ−−−−

ππππ+
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=
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continuum bkgd suppression:
Event-shape variable B-candidate production angle

qq pdf signal
pdf qq pdf
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Combine into Likelihood ratios
cut value optimized 
with MC samples

qqsig

sig

LL
L
+ signal MC

continuum



∆∆∆∆E for B!!!!ππππ++++ππππ−−−−////K++++ππππ−−−−

(74±14) (290±22)

ΚπΚπΚπΚπ: 28±13
qq: 99± 7



Nππππππππ= 44.5 ± 9.8

B0−−−− and B0−−−−tagged ππππ++++ππππ−−−− yields
B0 tags B0 tags

Nππππππππ= 28.8 ± 8.5



“raw” asymmetries for ππππ++++ππππ−−−−

s

•more B0 tags than B0 tags
•more B0 tags with ∆∆∆∆t<0 than ∆∆∆∆t>0

s



Fit for (Aππππππππ, Sππππππππ)

s

Aππππππππ= +0.94  ±0.09
+0.25

−−−−0.31

Sππππππππ= −−−−1.21
+0.38 +0.16 

−−−−0.27 −−−−0.130.130.130.13

~3σσσσ from (0,0) !!!

(qq and Kππππsubtracted)

hep-ex/0204002 !!!!PRL



Significance?

Aππππππππ

Sππππππππ

(Aππππππππ,Sππππππππ) = (0.94,-1.21)

1.6% of the events generated with 
(Aππππππππ,Sππππππππ) =(0,0) are outside the ellipse



Compare: Belle & BaBar

Aππππππππ

Sππππππππ

physical 
region

(hep-ex/0203007)



What (if anything) can be 
wrong?

• Belle’s (Aππππππππ,Sππππππππ) is ~1.2σσσσ from the 
Aππππππππ+ Sππππππππ= 1 boundary

• Belle & BaBar disagree by >2σσσσ
• Belle’s Sππππππππerrors are < BaBar’s

(The component parts of the analysis are the same as those
used to measure sin2φφφφ1, ττττB,  ∆∆∆∆md, B!!!!h+h−−−−, etc, all in
reasonable agreement with BaBar & PDG averages.)

2 2



• are the backgrounds asymmetric?
– check with Kππππand qq-sideband samples
– check with high statistics B−−−−!!!!D(*)ππππ−−−−, D*ρρρρ−−−− samples

• is vertexing wrong for B!!!!h++++h−−−− decays?
– measure ττττB & ∆∆∆∆md for B!!!!ππππ++++ππππ−−−− & K++++ππππ−−−− decays

• flavor tagging different than J/ψψψψK?
– MC studies of effects of continuum suppression cuts

• do the likelihood values & errors make sense?
– do toy MC experiments

• …?

• statistical fluctuations?

Possibilities



apply fit to (qq)  sideband data

(871 evts)(892 evts)

no asymmetry



AΚπΚπΚπΚπ= +0.07 ±0.17

SΚπΚπΚπΚπ=    0.15 ±0.25

s s

fit to the ~300 event Kππππsample

no asymmetry

ΚπΚπΚπΚπ ΚπΚπΚπΚπ



“Aππππππππ”= +0.03 ±0.04

“Sππππππππ”=    0.08 ±0.06

Bkgnd “enriched” D(*)π(ρ)π(ρ)π(ρ)π(ρ)sample

no asymmetry

B0 tags B0 tags

added bkgd

D(*)ππππ(ρ)ρ)ρ)ρ)



Measure ττττB for B→→→→ ππππ++++ππππ−−−− and K++++ππππ−−−−

ππππ++++ππππ−−−− K++++ππππ−−−−

ττττB=1.49±0.21 ps ττττB=1.73±0.15 ps

(PDG: ττττB=1.55±0.03 ps)
additional evidence that the
qq background is understood

∆∆∆∆t∆∆∆∆t

∆∆∆∆t ∆∆∆∆t

((((∆∆∆∆md=0.57±0.08 ps-1)



Pulls & errors

Aππππππππ

Sππππππππ

Pulls Errors

5.4% of the toy 
MC expts have 
smaller +errors

0

toy MC results with input (Aππππππππ,Sππππππππ)=(0.7,-0.7)

+0.38

−−−−0.31



• are the backgrounds asymmetric?
– Kππππ,,,, qq-sideband & Dππππ/ρ/ρ/ρ/ρ samples have null asymmetries

• is vertexing wrong for B!!!!h++++h−−−− decays?
– lifetimes for B!!!!ππππ++++ππππ−−−− & K++++ππππ−−−− samples are OK

• flavor tagging different than J/ψψψψK ?
– differences are in the noise

• do the likelihood values & errors make sense?
– Sππππππππerrors are small but allowable

• statistical fluctuations?

Possibilities revisited

most likely
(↑↑↑↑for Belle & ↓↓↓↓for BaBar?)



• r ≈≈≈≈ 0.4
• φφφφ2 2 2 2 ≈≈≈≈ 110o

• δδδδ ≈≈≈≈ -90o

Gronau & Rosner 
hep-ph/0202170

for δδδδ≈≈≈≈−−−−45o ~ -135 o, φφφφ2
is fairly unambiguous

Comment:

Belle/BaBar avg: (Aππππππππ,Sππππππππ) = (0.49±0.21, -0.66±0.26)

δ = δ = δ = δ = −−−−45454545οοοο

δ = δ = δ = δ = −−−−135135135135οοοο

Aππππππππ

Sππππππππ



sort out with B →→→→ ππππππππ

B0 ππππ−−−−

Br: <5.6 x 10-6

90%CLππππ0
ππππ0

ππππ0u

Large r & |δδδδ| $$$$large B0!!!!ππππ0000ππππ0 0 0 0 ie Br ~ few x 10-6

Br:=5.1 ± 1.0 x 10-6

Br:=7.0 ± 2.0 x 10-6

ππππ++++

B0

B++++

B0
ππππ−−−−

ππππ++++

ππππ++++

+
T+P

(T+c)/√√√√2

(c-P)/√√√√2
Chiang & Rosner hep-ph/012285



big question: what’s B→→→→ππππ0000ππππ0 0 0 0 ????

Br(B→→→→ππππ0000ππππ0000) < 5.6x10−−−−6 (29fb-1)

(Br ≈≈≈≈ 3 x 10-6 )

Mbc

~2.5σσσσ



φφφφ3 (γγγγ)



interference in B−−−−!!!!K−−−−D0(D0)
B±!!!!K±DCP;   DCP!!!!CP eigenstate

λλλλ2 λλλλ3

:A1
:A2

r=|A1/A2|~0.1



23 evts

26 evts

D0!!!!non-CP 
(ΚπΚπΚπΚπ, ΚπππΚπππΚπππΚπππ, etc)

D0!!!!CP====+1 
(ππππ++++ππππ−−−− & Κ& Κ& Κ& Κ ++++ΚΚΚΚ−−−−))))

D0!!!!CP====−−−−1 
(Ksππππ0000,ω,ω,ω,ω,ηηηη,ηηηη’,φφφφ)

ππππ± D0 K±D0



Results (with 29 fb-1)

1+r2±2r cosφφφφ3cosδδδδ
= ±2r sinφφφφ3sinδδδδAAAA1,2 =

Br(D1,2 ΚΚΚΚ−−−−) ) ) ) −−−−Br(D1,2 K++++)
Br(D1,2 ΚΚΚΚ−−−−) +) +) +) +Br(D1,2 K++++)

AAAA1 ==== 0.29 ± 0.26 ± 0.05

AAAA2 ====−−−−0.22 ± 0.24 ± 0.04
AAAAnon CP = 0.00 ± 0.09 ± 0.04



constraints on r & δδδδ

1+r2±2r cosφφφφ3cosδδδδ=RRRR1,2 =
Br(D1,2 ΚΚΚΚ±±±±) /) /) /) /Br(D1,2 ππππ±±±±)

Br(D0 ΚΚΚΚ±±±±) /) /) /) /Br(D0ππππ±±±±)

RRRR1 ==== 1.33 ± 0.37 ± 0.12

RRRR2 = = = = 1.27 ± 0.29 ± 0.09

+ $$$$D1
−−−− $$$$ D2

needs ~ 10x more data (ie 300~400 fb-1)



φφφφNP



non-SM phases in B→→→→KSηηηη’?

+ SKηηηη’=sin2φφφφ1 
(in SM)

SM prediction is same as for J/ψψψψKS S 
A nonA non--SM particle in the loop with a complex SM particle in the loop with a complex 
coupling would cause deviations from sin2coupling would cause deviations from sin2φφφφφφφφ11

Vts

Vts

Vtd

Vtd

B0

B0

ηηηη’

ηηηη’

ΚΚΚΚS

ΚΚΚΚS

no SM  
CPV phase

B0

*

*



Use ηηηη’!!!!ππππ++++ππππ−−−−ηηηη and ργργργργ

N(KS ππηππηππηππη) = 28 ±±±± 6
N(KS ργργργργ)   =  46 ±±±± 8

N(K+ ππηππηππηππη) = 78 ±±±± 10
N(K+ ργργργργ)   = 152 ±±±±14



B lifetimes with ηηηη’K samples

ττττ(B+) = 1.54 ± 0.14 ps
PDG:  1.65 ± 0.03 ps

ττττ(B0) = 1.58 ± 0.30 ps
PDG:  1.55 ± 0.03 ps



Use B!!!!K+ηηηη’ as control sample

“sin2(φφφφ1+θθθθNP)”= 0.12 ± 0.40



Fit the 73 B!!!!KSηηηη’ events

sin2(φφφφ1+θθθθNP)= 0.29 ± 0.54 ± 0.07

A clean and potentially 
powerful method for 

searching for non-SM CPV

needs more data

(42 fb-1)



b-changing 
neutral 
currents



EM & EW Penguins

EM Penguin (b!!!!sγγγγ)
•1st found by CLEO
•rate agrees with SM
•limits on new particles 

in loop (eg H+)

EW Penguin (b→→→→s l+l−−−−)
•≈≈≈≈100x smaller in SM
•M l+l−−−− dist & F-B asymm

sensitive to new physics

Xs

Xs



Search for B!!!!K(*)l+l−−−−

Backgrounds:

•B!!!!J/ψψψψ (ψψψψ’) K(*)               %%%%use J/ψψψψ (ψψψψ’) veto

•B!!!!Xl+νννν & B!!!!Yl−−−−ν    ν    ν    ν    %%%% no ∆∆∆∆E & Mbc peaks
•Evis & cosθθθθB

•B!!!!K(*)h+h−−−−;;;; !!!! 2 2 2 2 fake l’s %%%%∆∆∆∆E & Mbc peaks

•Continuum %%%% no ∆∆∆∆E & Mbc peaks
•Event shape, cosθθθθB



B+!!!!ΚΚΚΚ++++ππππ++++ππππ−−−− in Belle

M2(ΚπΚπΚπΚπ)

M
2 (
ππ ππππππ

)

M(ΚπΚπΚπΚπ) M(ππππππππ)

hep-ex/0201007 !!!!PRD

J/ψψψψ!!!!µ+µµ+µµ+µµ+µ−−−−

ψψψψ(2s)!!!!µ+µµ+µµ+µµ+µ−−−−

D0!!!!ΚπΚπΚπΚπ

χχχχc0 (PRL 88, 032182, 2002)

f0K*



K(*) h+h−−−− with fake µµµµs
Data

µµµµ mis-id 
probability

0.27±0.03 
fake events

apply
trk-by-trk
fake rate



B!!!!K(*)l+l−−−− results



B−−−−!!!!ΚΚΚΚ−−−−µµµµ++++µµµµ−−−− event in Belle



B!!!!K(*)l+l−−−− results (cont’d)

PRL 88 021801 (2002)



Wilson coefficient constraints

C9 =  C9 – C9

C10 =  C10 –C10

NP

NP

SM

SM

Kl+l−−−−
width

Ali et al, hep-ph/0112300

Br(B!!!! Xse+e−−−−)<10.2)<10.2)<10.2)<10.2x10101010−−−−6666

(Belle 90%CL limit)



Summary
• Progress on CPV front

– φφφφ1 (ββββ) measured; agrees with SM
– φφφφ2 (αααα) in progress; definitive results may be soon.

• need Br(B!!!!πππποοοοπππποοοο);  );  );  );  this summer?
– φφφφ3 (γγγγ) under way; a few years to go??
– φφφφNP just starting;

• Neutral currents/EW penguins
– B!!!!Kl++++l−−−− seen; at ~expected level
– B!!!! K*l+l−−−− & Xsl+l−−−− next

• Many, many other results:
– b!!!!c (Cabibbo- & color-suppressed), b!!!!u,…
– EM penguins
– charm & charmonium
– taus, two-photons, …



ACP from self-tagged ΚπΚπΚπΚπ/ππ/ππ/ππ/ππ

ΚΚΚΚ−−−−ππππ++++ ΚΚΚΚ++++ππππ−−−−

ΚΚΚΚ−−−−ππππ0000 ΚΚΚΚ++++ππππ0000

ΚΚΚΚ0000ππππ−−−− ΚΚΚΚ0000ππππ++++

ππππ−−−−ππππ0000 ππππ++++ππππ0000

28±8

115±14103±12

30±8

49±8 18±6

24±8 13±7
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Br(B→→→→K µµµµ++++µµµµ−−−−)))) = 1.0 +0.4  +0.1 ×××× 10-6
−−−−0.30.30.30.3 −−−−0.10.10.10.1 (SM: 0.3~0.6××××10-6 )
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µµµµ++++µµµµ−−−− mass distribution

(also see ≈≈≈≈2.5σσσσ level signals in Ke+e−−−−, K*e+e−−−− & & & & Xs µµµµ++++µµµµ−−−−))))

M µ+µµ+µµ+µµ+µ−−−− from B→→→→K µµµµ++++µµµµ−−−−


