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KEK B-factory (KEK-B)

Circ. = 3016 m

Interaction
Point

E.r = 3.5 GeV

E. = 8.0 GeV
/ﬁ I+ = 0.9 amp
Ie- =0.7 amp

Ecm = 10.29 GeV

(= Mvys))
@
> HER:MighEnerayRing | minosity  4.49 x 1033/s - cm?
Z best among colliders
Positron Target
Electron

Source



. T(4S5) — B°BY (also BTB7)

M'Y‘(4S) = 10.59 GeV, 2Mp = 10.56 GeV.
— B9 BY nearly at rest in T(4S) c.m.
(P, ~ 0.33 GeV, or 3% ~ 0.063)

. But T(4S) is moving.

P’T(4S) — 80 - 35
Ev@4sy 8.0+3.5

Br(as) = = 0.39

. BY%-B° mix.

Quantum-correlated coherent mixing.

. Then, B° B° decay.
78 ~ 1.65 ps — average decay length ~ 200 um.

One B decays to a CP eigenstate |fcp)
(‘CP’ side; e.g. |fep) =J/WKg ...)

The other to a channel that tells B° or B°
('tag’ side; e.g. B° — utX, B — 1~ X)



Measurement of At

Az
Byc

At =top — trgg = (t: decay time in rest frame)

tag CP

(Lab. system)
g pHp-

e - (8GeV) : l Ee+ (3.5GeV |

B2
Upsilon(4S)

Ks TT+T1—




g = +1 Tag side is BO

¢ = —1 Tag side is 5°° §r o CP|fcp) = &flfep) (CP eigenvalue)

: 4+ g&=+1
0.20} 4 g&=-1
S
]
Z
> 0.10} i
< T
_ S
-
X : —&—
: —4—
o.oo-""“-rt- i ==
8 -4 0 4 8



Why is this a CP violation?

A, B: phenomena (or statements)

particle < antiparticle(C)
A B
mirror inversion(P)

If A and B occur at the same rate (or both true),
then CP is conserved, otherwise, CP is violated.



For Cp(ff) = —1 (e.g. \UKs')

_ Observation:
A: If tag side is B%  ¢= —1), the CP side tends to
decay earlier than the tag side.

| CP

B: If tag side is B°, the CP side tends to
decay earlier than the tag side.
(not true!)

— C'P violation

Similarly for CP = +1 or B tag.

(CP+ and — having different distributions is not C'P violation.)



T heoretical Background

Standard-Model quark-W Interaction

Lin®) = [ (L (@) + Ly ()

g —
Low(z) = NG Z Vij Ui vyu(1 — v5)D; WH

1,7=1,3
Uu d
U=|c|, D; S
t b

Vud Vus Vub
V= Va Vs Vu
Via Vis Vi

Cabibbo-Kobayashi-Masukawa (CKM) matrix
(Unitary)



One can show that,
If V;; are all real (by adjusting quark phases), then
(CP)Cint(CP)T = Lint

In general, a 3 x 3 quark mixing matrix cannot be
made real — CP violation (Kobayashi, Masukawa, 1973)

Vud Vus Vub C
Our phase convention: <Vcd Vs Vd)) blzgk. : con:peyfelx

Vie Vis Vi

If an interaction does not involve ¢t — d or u — b transitions,
then, (CP)Heﬂ-‘(CP)T = Hesr.



Unitarity Triangle

e.g: orthogonality of d-column and b-column:

VuaVip + VeaVey + ViaViy = 0

¢1(= B) = —arg(Via),

If the CKM matrix is real, the triangle is a line.



How does the CKM unitarity triangle look?

1. |Viy/Ve| (DY b — uev)
Experimental inputs: 2. B%-B° mixing — |Vy|
3. ex (from Kaon system)

Many people have performed a fit.
One recent example: Ciuchini et.al.:

I 1,
081 AmJ/Am,
0.6}
0.4 s £
0.2 Pt
ol o N B
-1 -08 -06 04 02 0 02 04 06 08 1

P

Normalized to the bottom length of the triangle.
(two bands for each are 68% and 95% c.l.)



CP Violation by Mixing-Decay Interference

I_ o( RO t) = —t A2 1:|ZC\ q— S|n5 t
Bo(Bo)— 1o, (1) = € |p Il ”(A) m]

By, =pB® —¢B%" ~ A= Amp(B® — feop)

B, eigenstates of mass and decay rate.

{ B, = pB°% 4+ ¢B° {A = Amp(B° — fop)

~: average decay rate, ém = m, — my

Time-dependent asymmetry:

I__o — I_ 0 Z
Acp(t) = =L B — (L) sinomt
rBo —I— rBo pA




What is %% forfop = WK etc. ?

cy
C .
. v*% : no V,; or V,;, in decay
ch =
W% -3 — (CP)Het(CP)! = Hesr.
0 Ves 0 . .
B K'—=Ks (in our convention)
~d
d

A fC’P|A Herr A|BO> = &p{fop|Herr| B%) = €A —
cp)i(cp) (cP)i(cp)

(CP|fcp) =&l fop), CP|B°%) = |B%)

=
(

b Vib t Vig d

BO W% %W BO
H

S = £rsin2¢1.| (No CPV in decay)

_ _VaVi _ o
Vi Vib

|
|
DR




Quantum correlation in T4S — B9B° (coherent L=1):

T4S — (B°B° — B°B?)
N e—’yt(BOBO o BOBO)

If one finds one side to be B° at ¢,
then the other side is pure B° at the same time ¢,
then it will evolve as usual.

— [ po(poy_s(t) applies to T4S with

t — At=top —tug, (and e 7t — e7VIAH)

1

0-8 ™

(unit = B lifetime)



CP-side Reconstruction

CP mode §cp Newt  Npig
VKg(— ntn™) - 457 11.9
W Kg(— m070) — 76 9.4
/(= 0+ Ky - 39 1.2
V(= WUrTr7)Kg — 46 2.1
Ye1Ks — 24 2.4
ne(— KTK 1%)Ks  — 23 11.3
ne(— KgK nT)Kg — 41 13.6
WK*0(— KgrO©) +/— 41 6.7
WK + 569 223

Detection modes

Vot (U=e,pn)
Kg— mtn—

W/ T Ut
Xe1— Wy

ne— KTK 7% KKt




BEL L F Detector

BELLE

1. Silicon Vertex Detector

2. Central Drift Chamber

3. Aerogel Cherenkov Counter
4. Time of Flight Counter

5. Csl Calorimeter

6. KLM Detector

7. Superconducting Solenoid
8. Superconducting Final
Focussing System



Particle identifications

electrons: EM shower in the EM calorimeter (ECL).
muons: Penetration to KLM.

w/K: Aerogel Cerenkov counters.
Time of flight counter.
Ionization in the drife chamber (dE/dx).

Dataset used for this analysis

Integrated luminosity = 29.1 fb~".
31.3 million BB pairs created.



W — ¢/~ reconstruction

16000 ————— T — —
. Dimuons 4
| Yield: 28160. + 345.
“hean: 3096.1+ 0.1 MeV/c?
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8000
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Events/(5 MeV/c?

W'’ reconstruction
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- Dileptons . - J/Y T T .
I Yield: 1542.+ 118. 7 - Yield: 1515.+ 63. 7
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Xc1 — W~ reconstruction

2000 I I I I I I | I I I | I I I
- Xcq Yield: 2270. + 85. 7
X.; Mean: 413.6 MeV/c? (Fixed) 7
X., Width: 7.2 MeVi/c? (Fixed)
[ T\ X, Yield: 553. + 67. }
1500 |- Mean: 2 o —
N X, Mean: 460.0 MeV/c” (Fixed)
X., Width: 7.9 MeV/c® (Fixed)
¢ |
>
[} |-
=
w 1000 |-
I i
c
(] L
>
w B
500 [~
O 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0.20 0.30 0.40 0.50 0.60
My, - My, (GeVic?)

xc1: left peak, x.: left peak (violation of factorization!)



Full B Reconstruction

Move to the 745 c.m. and require that candidates satisfy

* MT S = %
Etot = EB = 2(4 ) , ‘Ptot‘ == ‘PB‘ = 0.33GeV

where
n n
Eiot = Z Ei, Pt = Z P;
i=1 i=1

Instead of Ei.: and |P.:|, we often use

AFE = Eyot — EF (energy difference)

My = \/EEQ — P2, (beam-constrained mass)
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Cut on AF,
project on M.
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project on AFE.

Estimate background
from the sidebands.



WKg(— ntn™)

Exp 5 Run 272 Farm 5 Event 10889
Eher B8.00 Eler 3.50 Tue Nov 16 23212208 1999
0 MaglD O BField 150 DspVer 504

BELLE .
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Events/(10 MeV)

15

-0.20

Lol oy g

A Energy (GeV)

0.20

0.00
A Energy (GeV)

0.20

Events/(2 MeV/cz)

-0.

20

5.200

12

[ee]

D

5.200

5.250 5.
Beam Constrained Mass (Gev/cz)

l 1

5.250
Beam Constrained Mass (Gev/cz)

5.300



Events/(10MeV)

%: 0.2
12 00.15
3
10 g 0.1
i
8 <0.05
0
6
-0.05
4
-0.1
2 -0.15 :
0 .02 oo a8 """ PRI "
-0.2 -0.1 0 0.1 0.2 5.2 5225 525 5.275
AEnergy(GeV) Beam Constrained Mass(GeV/?c)
<
>
()
=
o
a2
c
[
>
o

0
5.2

5.225 5.25 5.275
Beam Constrained Mass(GeVA)

5.3

Events/(10MeV)

E <02
4 E [0}
E gﬂ.lS
35 ¢ So1
3 E ]
g So.os
25 F
E 0
2 |
15 B -0.05
1 -0.1
0.5 -0.15
0 S -0.2 .
-0.2 . 0.1 0.2 525 5.275
AEnergy(GeV) Beam Constrained Mass(GeVl?t)
€ [
% 6 C
2 [
S s5f
Q |
< [
2 4t
w C
3 F
5 F

0
5.2

5.3

5.225 5.25 5.275
Beam Constrained Mass(GeV/’l)

5.3



VK

: Only the direction is measured by nuclear interaction
in ECL (EM calorimeter) and/or KLM (KL-muon chamber).

: Cannot obtain both AF and M,

Assume B mass, extract pj, (= My.).

200 T T T T I T T T T I T T T T I
< 150 |- —
= B | i
3 I [ i
S N _
— B _
2 100 | —
D
< B i
2 i i
g - -
E - -
= 50 — ‘y :'5_‘ + |
i / PPy .0 .
B o Pt i
y$
-
o
0.0 0.5 1.0 1.5 2.0

pgcms (GeV/c)



WK*O(— Kgr0)

B (spin-0) — W (spin-1) K*° (spin-1)
3 polarization states: helicities = (4++,——,00)

Extract P (CP) contents by full angular analysis
of the isospin-related modes.

§r=—1

TR 0.19 + 0.04(stat) + 0.04(sys)



Tagging of B Flavor
What distinguish B° and B°?

. Leptons (e, 1)
e b— /—: high-P lepton.

e b —c— /T: low-P lepton.

. Charged kaons. b — ¢ — s(K™)

. N(—pr7). b—c— s(N)

. Charged pions.

e B— D®Wxr— etc.: high-P pion.

e b —» D*t — D% t: low-P pion.



Track level

Event level

Multi-dimentional likelihood tagging

___,..----_-_'_'_'_:'.'.'.'.:( tracks I
»  slow pionLH lambda LH kaon LH Y lepton LH < ™.
N
charge Aor "A charge £ (F:)f*large I —
* >l =
P Mpr p* s GC; cos Biab §1=
cos 6* Odeflection cos 0* 213 P¥mice 2l s
- [0
COS Bthrust-trk Adz P(k/TtID) M. Mirecoil o| g
P(ve ID) P(proton D) g P(electron ID)
L P(Muon ID)

event LH

» gnrn(for max. r n

[1(A+qkre) — [1(1-qkr«)

A

[1(1+qxre) + [1(1-qur)
qirt (formax.ri) =

AAA

_ N(B%)-N(B%)

.qr

~ N(Btg)+N(B)

N(Btag): Number of observed B's
at the cell for MC samples




Check r with data
(actually r is used only to devide the samples)

Control samples 1y )
3 4
0.9 .
D*¢Tv :
08 *
D(*)_T‘-+ 0.7 :
\UK*O(_> K+7T_) S‘ 0.5 : +
04 F
Use the measured r 03 b ‘
0.2 — )
0.1 —’
000102 03 04 05 06 07 08 09 1
<r>

ceff = 0.270 £ 0.008(stat)__|'8_'88§(sy3)



Measurement of Az (At)

- Vertexing -

Use the two charged tracks of W — ¢T¢—, or n. —» KK.
K¢ not used: decay mosly outside of the silicon device.

MC CP side tag side | -

€tz 0.92 0.91
o, (5 um 140 um '

10 |
Use 1137 events for fit. w 1 }L




Verify vertexing by measueing B° lifetime

BY — D* ¢ty

102

(Candidates/0.1ps)

108

5
At (B°-DIv) in sig. reg. (psj

7o = 1.55 + 0.02 ps (world average: 1.55+ 0.03 ps)



Event-by-event likelihood fit

Fit the At distribution with

B(At) — / [fsigpsig(Atla q, 7, ‘f,f)Rsz’g(At - At/)

+(1 — foig) Porg(AL) Rpppg (AL — AL [dAE

Jsig (signal fraction)

Psig = e NAU(1 — 4qri sin 2¢1 sin smAt) (signal before smearing)

Rsig @ 2 gaussians (signal resolution)

Pokg = e_TbA_ktg and 6(At) (bkg before smearing)

Ry : 2 gaussians (bkg resolution)

Use the world averages for v (B° decay rate) and im
— only free parameter is sin 2¢;.



Plot time-dependent asymmetry

Fit sin2¢; in each At bin

Combined

o

Dt (ps)

Sin 2¢1

= 0.99 + 0.14(stat) = 0.06(sys)




Systematic errors on sin2¢;

vertexing

tagging

At resolution
background shapes

Errors on ém 7pgo

0.04
0.03
0.02
0.01
0.01

total

0.06




Mode dependence of sin2¢;

J/IP K(GPM)
Other CP=-1
JIP K,

JIP K

=+1
(Bcb-tazl)
=-1
(E_Bg-tag)

All

0.8+ 0.20
1.0G: 0.40
1.3 0.23
0.85:1.45
111015

-0.17

+0.21
0.84 %,

0.99+0.14

2.5



Dependence of sin2¢; on r

r-range
0.875-1.000| = 1.05 515
0.750 - 0.875 R 1.56 ‘0o
0.500 - 0.750 - 0.40 5,
0.000 - 0.500 . 0.60 (67
q=+1| = 1.11 705
q=-1 + 08455,




B9 control modes

No assymetry expected for flavor-specific modes:
D® =gt D*pt, D*¢*tv, WK*O(— Ktr)

BY Control sample

| MR

Asymmetry

1
| NS

4 0 4 8
At (ps)

OO.I’.

‘sin2¢;’ = 0.05 4+ 0.04



Comparison with other experiments

0w
D
D

(Osaka,6.2/fb)

BaBar
(Osaka,9/fb)

Belle
(11.2M BB)

BaBar
(23M BB)

Belle
(31.3M BB)

BaBar
(32M BB)

Average
(4 expt.)

-0.5

BaBar and Belle accounced this summer within 2 weeks of each other.

0.5
sin2g,

0.790%
0.84573°+0.16
0.45753," 5,00
0.12+ 0.37:0.09

+0.32+ 0.09
0'58-0.34 -0.10

0.34t 0.20t0.05
0.9% 0.14+0.06
0.5% 0.14+0.05

0.7% 0.10
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Summary

. We have clearly observed CP violation in B decay.

The significance is more than 6 o.

. T he dependence on At, CP eigenvalue, and flavor are as

expected.

. The value of sin2¢; is consistent with the standard model
with Koboyashi-Masukawa mechanism. (a bit largar than?)

. Further inprovements in statistical/systematic errors are
expected soon.

Upgrade 2002:

e Smaller beampipe: »r = 2cm — 1.5em.
25% improvement in vertex resolution.
e New IR design for better background protection.
e New vertex detector:
more layers (3—4), more coverage.
e New inner CDC (2-layer small-cell chamber)



