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BELLE

Belle at KEKB

e+e− �Υ(4S) � BB
 _

3.5 GeV  on 8.0 GeV

 on 28 Feb 2005

253 fb−1 on resonance (275M BB) 
by July 2004  (results presented here)

  Lpeak (max) = 1.5 x 1034  cm−2 s−1

∫
Ldt = 369 fb −1
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BELLE

The Belle detector

 SVD: vertexing (lifetime)
 CDC: tracking, dE/dx for pid
 ACC: aerogel Cerenk. Counter
 TOF: pid, trigger
 ECL: e, γ measurement
 KLM: µ, KL measurement
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BELLE

Analysis Overview

1) B � f selection:
mbc =

√
(
E∗beam

)2 − (
p∗B

)2

∆E = E∗B − E∗beam

 ( e.g., for  B � π+π−:
   5.271 < mbc< 5.287 GeV/c2 

      |∆E| < 0.064 GeV )

3) Continuum suppression:

4) Vertexing and ∆t fit

2) Flavor  tagging:

 mainly  K

��
� µ

�
� e

�

        output:     q = 

�

1,   quality r = 0−1

KLR ≡ LBB(
LBB + Lqq̄

)

 0.86qq
BB

 KLR



A. J. Schwartz Les Rencontres de Physique de la Vallee D'Aoste, 3 March 2005    6

BELLE

Measurement of sin(2φ
1
) with B0 �J
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B0-B0 oscillation: 

K0-K0 oscillation: 

Tree: 
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BELLE

Measurement of sin(2φ
1
) with b �ccs 
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BELLE

Measurement of sin(2φ
1
)  with b �ccs

140 fb−1:
sin(2φ

1
) = 0.728 
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1
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 (hep-ex/0408111) 
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BELLE

Measurement of sin(2φ
1
)  with b �sss
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BELLE

Measurement of sin(2φ
1
)  with b �qqs
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Measurement of sin(2φ
1
)  with b �qqs
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Measurement of sin(2φ
1
)  with b �qqs
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Measurement of sin(2φ
1
)  summary

Belle Results on Time-dependent CP Violation in b→s

-1.5 -0.9 -0.3 0.3 0.9 1.5

sin2φ1(WA) 0.726±0.037

Average
b→s penguin

0.39±0.11

KsKsKs -1.26±0.68±0.18

Ksπ0 0.30±0.59±0.11

ωKs 0.75±0.64+0.130.75±0.64 -0.16

η’Ks 0.65±0.18±0.04

f0(980)Ks -0.47±0.41±0.08

K+K-Ks 0.49±0.18+0.170.49±0.18 -0.04

φK0 0.06±0.33±0.09

 2.9σ  difference

� more statistics  
          needed

}
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BELLE

Measurement of sin(2φ
2
) with B0 � π+π− 
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ū

d

d̄

u
W+

µµµ¢ ¢
¤¡¤¡¾ ¾

-

Z
ZZ}Z

Z
Z

--

pppppppppppppppppppppp ppppppp ppppppppp
ppppppppppppp ppppppp pppppppppppppppppppppp ppppppp pppppppppppppppppppppp ppppppp pppppppppppppppppppppp ppppppp pppppppppppppppppppppp ppppppp

W

b̄

d

d̄

u

ū
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BELLE

B0 � π+π− sample  (253 fb−1)

Nππ = 251 �8 

 (hep-ex/0502035)

KLR > 0.86 (high qq suppression) KLR < 0.86 (low qq suppression)

Nππ = 415 �13 
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BELLE

Results of Fit I

Aππ = 0.56 + 0.11  (MINOS)
    − 0.12

Sππ = −0.67 �0.16 (MINOS)
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BELLE

Results of Fit I I

m
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BELLE

Systematic Uncertainties

 O. Long et al., 
   PRD 68, 034010 (2003)

Uncertainty Aππ Sππ

Wrong tag fraction ± 0.01 ± 0.01

τ
B
, ∆m, A

Kπ
± 0.01 < 0.01

Resolution function ± 0.01 ± 0.04

Background ∆t shape < 0.01 < 0.01

Background fractions ± 0.04 ± 0.02

Fit bias ± 0.01 ± 0.01

Vertexing
+0.03

−0.01 ± 0.04

Tag side interference
+0.02
−0.04 ± 0.01

Total ± 0.06 ± 0.06

 includes uncer tainty 
   in final state radiation
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BELLE

Constraints upon φ2  (α) and |P/T|

A(B0→π+π−) = −
(
|T |eiδTeiφ3 + |P |eiδP

)

A(B 0→π+π−) = −
(
|T |eiδTe−iφ3 + |P |eiδP

)

⇒ λππ ≡
q

p

Aππ

Aππ

= eiφ2
1 + |P/T | ei(δ+φ3)

1 + |P/T | ei(δ−φ3)

(δ ≡ δP−δT )

Aππ ≡
|λ|2 − 1

|λ|2 + 1
=

−2|P/T | sin(φ1+φ2) sin δ

1− 2|P/T | cos(φ1+φ2) cos δ + |P/T |2

Sππ ≡
2Imλ

|λ|2 + 1

=
2|P/T | sin(φ1−φ2) cos δ + sin 2φ2 − |P/T |2 sin 2φ1

1− 2|P/T | cos(φ1+φ2) cos δ + |P/T |2

Gronau and Rosner,
  PRD 65, 093012, 2002:

Take φ1 = 0.725 

�

0.037

� 2 constraints &
        3 unknowns
          (φ2,  δ,  |P/T|)
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BELLE

Constraints upon φ2  (α) and |P/T|  cont'd

For |P/T|=0.6 (for  example) 
  72º < φ2 < 146º  (95% CL)

For  any |P/T|
  δ < −4º        (95% CL)
For  any δ
 |P/T| > 0.17  (95% CL)
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BELLE
Isospin analysis for φ2

 SU(2) isospin 
          analysis:  

Gronau and London, 
  PRL 65, 3381 (1990)
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Isospin analysis for φ2   cont'd 
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∑ (x

exp
− x

th
)2

σ2
exp

+ χ2
FC (Aπ+π−
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, S

π+π−

th
) Calculate χ2 :

 Use  HFAG values for  B( π+π−), B( π+π0), B( π0π0), A( π0π0)

 0º < φ2 <19º  and  71º < φ2 <180º    
               (95% CL)  

 Note: preliminary

 (hep-ex/0502035)
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Measurement of φ
3
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Measurement of φ
3

 253 fb −1     
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Measurement of φ
3

 253 fb −1  
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 B+ �D0K+ 

  139 events 
 B− �D0K− 

   137 events

 B+ �D0∗K+ 

      35 events 

 B− �D0∗K− 

      34 events
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Measurement of φ
3
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Do unbinned ML fit for  φ
3
, δ, r

Use toy MC with Feldman-
Cousins order ing to calculate 
frequentist confidence regions 
for  parameters φ

2
, δ, r

Projecting 2σ regions for  
(B

�

 �D0K

�

) + (B

�

 �D0∗K

�

) :
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3 
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Summary

 140 fb−1 :

� sin(2φ2): we have observed compelling CP violation in     
  B �

 π+π−  decays:  Aππ = +0.56 

�

0.12 (stat) 

�

0.06 (syst)      

                                 Sππ = −0.67 

�

0.16 (stat) 

�

0.06 (syst)     

   Aππ indicates direct CPV at 4σ significance                        

   �   |P/T| > 0.17  (95% CL)           δ < −4º   (95% CL)         
   An isospin analysis of  B �ππ  decays gives                        
                       0º < φ2 < 19º  and  71º < φ2 < 180º   (95% CL) 

                                       | φ2(eff) −φ2 | < 38º            (95% CL)

 Belle 253 

 BaBar 210 

� φ
3
 :

   
(68 +14 

�

13 

�

11)º                   

            22º < φ
3
 < 113º   (95% CL)   

            CL of CP violation  =  98% 
 

−15

� sin (2φ1):  0.728 

�

0.056 

�

0.023  � φ
1
 = (23.4 +2.7  )º  

                 b �qqs penguin:  0.39 

�

0.11   (2.3σ difference)

 253 fb−1 :

  −2.4

 253 fb−1 :

� φ
1
+ φ

2
 + φ

3
 � 180º = (12.3 

�

 29.7)º
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Backup slides
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Statistical Significance

Use Toy MC, constructing confidence belts with Feldman-Cousins order ing

CL for  (0, 0) corresponds 
  to 5.4σ fluctuation �       
    clear  CP  violation

CL  for  Aππ = 0                 

  corresponds to 4.0σ      
  fluctuation (any Sππ )    
  � direct CP  violation

-1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

1-C.L. at (-0.62,0) = 5.12×10-5

1-C.L. at (0,0) = 5.62×10-8

Sππ

A
ππ

(Note: systematic er rors are folded in)
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Check with time-integrated yields

KLR > 0.86 and good tags (all tags):

� Aππ 

� 0.52 

�

0.14 f (q)
ππ ∝ 1 − q∆w` +

q(1 − 2w`)

1 + x2
Aππ

 ππ:  107

�

13 (235) 
 Kπ:   42         (77)
 qq:    38        (159)

          B0 tags                 B0 tags       

 ππ:  69 

�

11 (182)   
 Kπ:   44        (76)
 qq:    38       (156)

consistent 
with ∆t fit

 � direct CP violation is clear
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New data set since last result (140 + 113 fb−1)

SVD1 SVD2

       1 MRad  →  > 20 MRad
         3 layers  →   4 layers
23º< θ < 139º  →  17º<θ<150º
    Rbp = 2 cm   →      1.5 cm

_
_ ~ 40 µ m @ 1GeV/c

 SVD upgrade: better  I .P. resolution
(also higher  efficiency for  K

S
 ver texing)

  impact parameter  resolution (z):

152 M BB pairs with SVD1
123 M BB pairs with SVD2
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Isospin analysis for φ2   cont'd 
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 Note: preliminary

 (hep-ex/0502035)
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Maximum likelihood fit to ∆t

Li =
∫ [
fππPππ(∆ t′) + fKπPKπ(∆ t′)

]
·Rhh(∆ ti −∆ t′)

+ fqq̄Pqq̄(∆ t′) ·Rqq̄(∆ ti −∆ t′) dt′

P
(`)
B0→ππ =

e−|∆t|/τB

N

{

1 + q(1 − 2ω`)
[

Aππ cos(∆m ∆t) + Sππ sin(∆m ∆t)
]

}

PKπ =
e−|∆t|/τB

4τB

{

1 + q(1 − 2ω`)A
eff

Kπ cos(∆m ∆t)

}

(AKπ =−0.109 ± 0.019)

Pqq̄ = f
e−|∆t|/τqq̄

2τqq̄

+ (1 − f) δ(∆t) ,

fππ =
Fππ(∆E, Mbc)·f`(ππ)

[Fππ(∆E, Mbc) + FKπ(∆E, Mbc) ]·f`(ππ) + Fqq̄(∆E, Mbc)·f`(qq̄)
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Cross checks I : other CP asymmetries

qq sideband:
42467 B0 tags
42090 B0 tags

A = 0.017 

�

0.011
S = 0.021 

�
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Cross checks I I : τB

2820 B � π+π− cand:
   τB = 1.50 
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4293 B � K
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cand:
   τB = 1.51 
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0.04 ps 
23008 B � D(* ) �

π

�

:
   τB = 1.559 

�

0.013 ps 
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Cross checks I I I : ∆m

 (PDG: ∆m = 0.502

�

0.007)

B � K

�

π

�

:  ∆m = 0.456 +0.034 

B � D(* ) �

π

�

:  ∆m = 0.507 

�

0.008
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PDπ(∆t) =
e−|∆t|/τ

B

4τB

[

1 − qtagqrec(1 − 2ω`) cos(∆m ∆t)

]

PK+π−
(∆t) = N+

e−|∆t|/τ
B

4τB

[

1 − qtag





P − R

P + R



 (1 − 2ω`) cos(∆m ∆t)

]

PK−π+(∆t) = N−

e−|∆t|/τ
B

4τB

[

1 − qtag





Q − S

Q + S



 (1 − 2ω`) cos(∆m ∆t)

]

P =
1 − AKπ

2
ε(K+) ε(π−)

Q =
1 + AKπ

2
ε(K−) ε(π+)

R =
1 + AKπ

2
p(K− →π−) p(π+ →K+)

S =
1 − AKπ

2
p(K+ →π+) p(π− →K−)
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Cross checks IV: subsamples
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Nominal
|∆t|<5ps
|∆t|<8ps

|∆t|<10ps
|∆t|<15ps

ξ<3
ξ<10
ξ<50

Subsample Nevents ∆Aππ ∆Sππ

∆E > 0 1238 −0.03 ± 0.16 −0.03
+0.22
−0.20

∆E < 0 1582 +0.03 ± 0.16 +0.04
+0.25
−0.23

|∆E| < 1σ 1189 −0.04 ± 0.13 −0.03 ± 0.18

|∆E| < 2σ 2101 +0.00 ± 0.11 +0.02 ± 0.16

multi tracks 2179 −0.01 ± 0.13 −0.10 ± 0.17

single track 641 −0.02
+0.27
−0.29 +0.47 ± 0.40

KLR > 0.86 884 +0.01 ± 0.13 +0.02 ± 0.18

KLR < 0.86 1936 −0.05 ± 0.23 −0.09
+0.34
−0.32

0<r<0.25 1454 +3.06
+1.70
−1.72 −0.05 ± 2.27

0.25<r<0.50 479 +0.31 ± 0.53 −0.81
+0.56
−0.52

0.50<r<0.675 254 −0.24 ± 0.42 +0.69 ± 0.67

0.675<r<0.75 292 −0.38 ± 0.31 +0.42
+0.47
−0.45

0.75<r<0.875 151 −0.23 ± 0.29 +0.00
+0.37
−0.32

0.875<r<1.0 190 +0.15 ± 0.13 −0.08
+0.23
−0.21
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Constraints upon φ2  (α) and |P/T|  cont'd

Ali, Lunghi, and Parkhomenko, 
  EPJ C36, 183 (2004): 

� ��� �
� �� �

� �� �
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8�I L 8

M 6 J K N
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φ2 = 120º 

� small φ2 requires large |P/T | ;  large |P/T | allows small φ2 

� small φ2 requires small |δ| ;  large φ2 allows large |δ|

 Belle (253 fb−1):  Cππ = − 0.56 

�

0.13,  Sππ = − 0.67 

�

0.17 
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Constraints upon φ2  (α) and |P/T|  cont'd

Gronau and Rosner, 
  PLB 595, 339 (2004):  SU(3):

 K0π+ 

 K+π− 

� φ2 about 100º

       is favored

TK+π− =







fK

fπ













Vus

Vud





 Tπ+π−

PK+π− =







Vcs

Vcd





 Pπ+π−

⇒
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Note: this paper  uses      
  SU(3) symmetry to       
    predict A
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  which is cor rect to 2σ
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BELLE

Compare with previous result & BaBar

CL = 4% for  difference   
   of two Belle datasets     
   (not including                
      systematic er rors)
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2.3σ difference between  
   Belle and BaBar 


