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violation of C'P symmetry necessary for matter anti-matter asymmetry

C' P = C(charge) x P(parity); violated by weak interaction
SM has a built-in mechanism generating C' P violation: C'’ K M mechanism.

weak and mass eigenstates related through a complex, unitary matrix:

b -u
dl d Vud Vus Vub d b\)\\/y_’/u
s’ — VCKM S = Vcd V;S Vcb S I W
vo)o b Vie Vis Vi b |

Cabibbo-Kobayashi-Maskawa C' KK M Matrix (Nobel prize 2008)
V;j: quark flavor transition couplings (I/VjE exchange).

BUT: C' K M mechanism NOT able to produce observed asymmetry in our universe.
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¢'P Violation in iHé'SM

Wolfenstein representation of Voxn, A = sin ¢ =~ 0.22 (Cabibbo angle)

1—\2/2 A AN (p—in)
Vokm = )\ 1—\2/2 A2 + O(\Y). (1)
AN (1 — p—in)  —AN? 1

4 free parameters(3 mixing angles, 1 complex phase) for 3 generations of quarks

relevant relation for B meson decays (— triangle)
VudVig, + VedVy, + ViadVyy = 0
O(X°) O(X%) O(X%)

>

sides with similar length = large C' P violation

precise determination of the observables

5 observables (3 angles, 2 sides) = over-constraint 0

confirm SM or find new physics
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penguin pollution = A¢o, Acp

= measured observable: effective ¢ . f ¢

® Oacrr = P2+ Ay
= Scp = s1n(2¢2.¢f¢)
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Recover gbg

e extraction of A, with isospin analysis  (remove penguin pollution)

for unflavored isospin triplets, e.g. p,

Bose statistics:= 1=0,2 (final states);

tree 1=0,2;

penguin: 1=0 only (gluon; I=0)

>>|

allows to formulate relations of the decay \/_§A+- 00

amplitudes A
eg. ATT = A(B = pTp7)

® %AJF_ + A0 — A+0

7
1 A+- A00 _ A—0

° \/§A + A" = A

o ATV = A0 (no penguin) — simple geometrical considerations
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Recover gbg

In b — w transitions
e measurement of At provides sin(2¢s ¢ ¢) = sin(2(¢2 + A¢2))

e extraction of Ao through isospin analysis possible

but 2(sin) X 4(A @) = 8 fold ambiguity

In the p system the SM predicts small penguin pollution
o BR(BY — pYpV) relatively very small
multiple solutions due to A¢- overlap = only 2 fold ambiguity

=> best environment for constraining ¢ with current statistics

N

e current error on ¢ dominated by the p system S
= measurement of B — popo important for the understanding of ¢-
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Impacton CK M Angle 09

e variation of

- 1
. BR(B-)p’p"

BR(B” = p°p") ' 0.8
-

in isospin analysis

| 0.4x10°¢
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WA = (0.T3£028) x g 4:
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phi2(deg)
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e Helicity of the p (pO — 7T+7T_)
2 different polarizations, longitudinal(L pol, C'P even) and transversal(l’ pol, C' P even & odd)

fr,: fraction of L pol,through helicity analysis (SM: L pol dominant)

011 angle between the BY and the

7t flight directions in the p frame

Tg TP A1
......... )..........4 ’ > i e
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z n Tc
8 ggggf §1oooo:—
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previous measurements (theory: G.Bell, V.Pilipp: arXiv:0907.1016v1)

Experiment BELLE BaBar Theory(L pol)
BR(x107%) 0.440.440.25 | 0.9240.32+0.14 | 0.441755
fr : 0.754+0.11 +0.04 | ~1—1/m}
A% b : 02+08+03

S&p : 0.34-0.740.2

BB pairs (x10°) | 656.7 465

=> no significant measurement made at Belle (yet, ~ 2 X data)

challenging analysis new method
e rare decay: BR < 1079 — e no cut-based but multivariate analysis,
e large backgrounds including event shape to discriminate qq
e complex helicity structure and fraction of L pol fy,
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Measurement of BR

Extraction of BR(BY — p°p"):extended unbinned likelihood fit

AE — EBT‘ec — Ebeam

6 fit dimensions:
Feovt : event-shape

2

1 2
=~ Fevt, CO8 O, cOS O

AE,mt. . m
T ar

based fisher discriminant

e multivariate analysis: = precise understanding of signal AND background necessary

— modeled 17 components: shape determined from
— signal (L pol, 1" pol); Monte Carlo(MC)

— misreconstructed signal (L pol, 1" pol); MC

— continuum (eTe™ — qq); data taken at 1/s = 10.50GeV < m(Y(45))
— BB: charm and charmless B?(B¥) decays; MC

— peaking background (47s final states); MC

_ - 4+ + + — 0 — 0
T aiw T ay T, 0T, fofo, for T, plnt T, fop®.  (BR known)
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Model for BR(BY"

AE — EBmc — Ebeam

e signal MC(L pol) e neutral charm decays
8 20000k X?ndf = 2.64 ) 800;
o© 18000 O 700t X?Indf = 0.84
o 16000F =5 6005
 14000F - :
o 120005 o 200
% 10000F qC) 400¢
8000F :
> - > 300
1] 6000F LLI :
4000} . 200¢
2000 100+
O- \ i DR L [ . . O— | | |
-0.1 -0.06 -0.02 0.02 0.06 0.1 -0.1 -0.05 0 0.05 0.1
AE [GeV] AE (GeV)

. 8
PDF(AFE)=2x Gaussian + 1st order PDF(AFE)=Gaussian + 3 chebychev;
chebychev 1=1
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e signal MC(L pol) e neutral charmless decays

a 2Indf = 1.0 - - X?Indf = 0.66
6' 14000; X3ndf = 1.07 = 100
S 12000; S : % }
= 10000 = 8 #J[ TRy
£ 8000 2 60- Mgl T
- - GC) - ' H ]L J[
Q 6000 > 400
WL 4000 Y
2000 :
O— O...I....I....I....I....I....I..
06 0.7 0.8 09 1 1.1 06 0.7 08 09 1 1-%
M, (o) [GeVic?] Myt [GeVic]
PDF(My+r-) = €rec(Mutn—)xBreit-  PDF(Mq+r-) = 2XBreit-Wigner
] 4
Wigner + > chebychev;

1=1
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test fitting procedure with Toy MC

= Toy MC Generator built: events according to P DF (probability density function)
~~

—
© 1800¢
toy MC example 8 1600:
expected Nr of events ; 1400;
— signal:~ 100 E 1200;
— 4 7s ff:~ 1500 g 1000:_
o W 800k
— BB:~ 10000 6003_
— all:~ 100000 400;_
200~

(using world averages) % 1 0 |O5 0 ) 0 IO5 01

AE [GeV]
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Toy MCiStudies for  BR(B"

e performed fits on 600 toy MC samples

O 1— — (o} 1— —
o 0.8 b2 = -0.084t 0.022 o 0.9 b2 = 0:052¢ 0340
—i u — =
X 06:_ X 085_
Y 0.41 _ 078
< O-_ + + - ke -~ L E 055_
-0.2F v 04
-0.4¢ m 0.3¢
-0.6F 0.2E T
-0.8F 0.1;—} H H
_1‘ ! | ! | ! | ! | ! O- ! | ! | !
0 0.32 0.64 0.96 1.28 1.6 0 0.32 0.64 096 1.28 1.6
BRyen x 10° BRyen x 10°

= observation with a 3 ¢ significance possible if 7R not too small!
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Toy MC Studies’’

e performed fits on 600 toy MC samples, assuming B(B" — p’p") = 0.9 x 107°

— 1: = “,) =
4 0.8F b0 = 0.607+ 0,023 S 0.9 b0 = GOt b.601
0.6F 0.8
0.4F X 07
0.2F S 0.6
OF E 05
.0.2F 9® 04
-0.4F ~ 0.3 i
-0.6F 0.2———
-0.8F 0. H H
1 | L | L | L | O | | | |
01 014 0.38 062 086 1.1 0.1 0.14 0.38 0.62 0.86 1.1
L ge fL gen

= measurement of the fraction of L pol f;, possible!
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Preliminary Fit Re&ult

B(BY — pp") = (l.Olfgigé(stat.) + 0.09(syst.) £ systinter ference) X 107°

fr = 0.2070 55 (stat.) & 0.08(syst.) £ SYSlinter ference

200 < N
~~ - S S
— 180? [} [0)
o ) o,
s 160 1= B
=) E E
~ 140p s s
i =
GC) 120
IJ>J 100 % 06 07 08 00 1 11 06 07 08 09 1 1.1
- M,(rtm) [GeVic?] M,(rtm) [GeVic?]
80
60 -
10~ g
- S 400t
20:— 2 300}
he] ; P S ol e , q>_) 200; ]
D »n 3E L C ]
2'g | RRCTRCERLRRCERCET ERRERRTERLE SRR ept T EE e Er FPEREEEEERETE e . ]
§§ -t ni+|+n+‘i’_ll_+1 +I"H'1 +—§-JT_ + + 00F
e '§§(++' ,,,,,,,,,,,,,,,,,,,,, R E—_ Tt I e ;
° ‘ ‘ ‘ 1 [ i SR S LA R
I TSR S AT B 50 AR T SRR
-0.1 -0.05 0 0.05 0.1 :
0.52 0.835 1.15 0.52 0.835 1.15
AE [GeV] m(reTr), [GeVic] m(rtTr), [Gevic?]
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t Summary & Olitld6k

o BY — pYpY plays a important role in constraining ¢

— Isospin analysis

e also,this measurement is an important test of theory (not shown)

Scalar—Vector Vector: complicated computations <- assumptions

e new multivariate approach, avoiding cuts and including helicity

— 15 evidence at Belle(~ 30, still after including interference??)
B(BY — pp") = (1.01t8;§§(smt.) + 0.09(syst.) £ systinter ference) X 107°

fr = 0.207 0 55 (stat.) & 0.08(syst.) & SYSlinter ference
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Backup
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Preliminary Fit Re&ult

B(BY — pp") = (1.01+8:§é(3tat.) + 0.09(syst.) £ systinter ference) X 107°

fr = 0.2070 55 (stat.) & 0.08(syst.) £ SYSlinter ference
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& 80005 = g o :
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(' Violation measurément

coherent =0
B-B pair

high energy beam

, Az R - CP side
t t

1 2

T(4S) — entangled BB pair = opposite side flavor tagging possible

asymmetric beam energies = boost of the CMS = At — Az (At ~ ps, Az ~ 100um)
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Tihe Experimental Sétup

SC solenoid
(1.5T)

CslI Calorimeter

(TT), 16Xy N
N
NG
Time of Flight | o
counter

Si Vtx Detector
3/4 layer DSSD

e |ocated in Japan

n=1.015~1.030

Aerogel Cherenkov ct.l ® asymmetric €+€_

collider (KEKB)
3.3 CeV ¢* (3.5 GeV on 8 GeV)
e |uminosity world-
record

[ Ldt =1014fb~1
~ T72 x 10°BB

pairs

Drift Chamber
. | small cell He/C,Hg

/Ky detection Belle Detector

14/15 lyr. RPC+Fe

— tracking

— PID
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‘The Belle Expefiniént
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(' Violation measurément

Where the B's come from:

25
[ T(1S)
B 4
E=u ) S
Eop i
2 3
z § T(25)
Gl
— i \
- 3'+
T wp ¢ T(3S)
| L
& P
e by Y T(48)
SEEH | 4 1 L
i * L R -4 ++ ."+-++_-__+ RS S ) t
- + L4 _'_.___‘++: Toa_ 4.
et ]
| continuum bhackground
0 ...|...(§|...|...(§)..|.....|..(S)..l.......|.......|.
911 9416 LE].DO 10.02 10.31 10.37 10.54 10.58 10.62

ete” Center-of-Mass Energy [GeV]

m(Y(45)) = 10.58GeV/c* ~ 2 x m(B)
m(B) = 5.28GeV/c?

T states:bb bound states
Y (4S5) exclusively into BB pairs
Y(45): JFC =1~
B:JP¢ =07~

— B pair in p-wave
asymmetric wave function

— B's have opposite flavor:

— entangled BB pair

continuum: ete™ — ¢ (u,d,s,c)

gives large contribution
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C Pviolation in the " B ‘System

NéO(tlafCP)_NBO(t,fcp) .
N ;o (", fcp)+Ngo(t,fcp) —

Acp cos(AmAL) + Sop sin(AmAtL) || At =t —t

3 - —q=8°
S C'P asymmetry parameters: £ 01— .
g < 0.12F a=8
< 01
0.08—
. 0.06;
— Acp(direct OP) oo
0.02—
different decay rates . T
- Sc p(indirect CP)— S 7
or different time evolution 6 4 2 0 2 4 6
At (1)
D, . . Boéfcp fcp%go
B s (e B for B and B decaying into a \ / \ /
C' P eigenstate fop B B°
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Fisher Discriminant: () p, thrust, cos(©g))

e MC(am) e off-resonance data

- 50003 X%ndf = 1.59 (_T - X2/ndf:4.67+
s o 00 +
< 4000 = 00
& : & :
= 3000, g 300
0 2000f L 200f
1000} 100}
o) ot
325-2-15-1050 05 1 1.5 2 '3-2.5-2-1.5-1-0.50 0.5 1 15 2
F F

PDJF —double bifurcated gaussian
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Helicity: weighted with reconstruction efficiency histogram

e signal MC(L pol) e signal MC(1' pol)
’g ;ggg‘ X2ndf = 0.66 ’8“ 60002 XZndf = 0.49
< 5000 | S 5000
@ 4000 @ 4000}
§ 3000; § 3000;
L 2000 1 2000
1000; 1000;
0" ' ' ' 0 ' | '
-1 -0.5 0) 0.5 1 -1 -0.5 0) 0.5 1
data cos( 6, ;) data cos( 6, 1)
% d cos Qﬁcjogcos 9%161 - % <fL COS2 6 Hel COS QHel (]‘ o fL) Sin Hlliel sin 0Hel>
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Backup: Toy MC Studles

=

M, (Tt [GeV/c?]

M,(TLTT) [GeV/c?]
© o o o
o ~ OIO (o)

0.6 07 0.8 09 1 11
M (Tt [GeVic?]

Events / (0.01)
Events / (0.01)

O.J.I...I 1 L | PR P OE...I...I 1 | - | PR
0.6 0.7 0.8 0.9 1.1 0.6 0.7 0.8 0.9 1.1

M (o) [GeV/c?] M, (LT [GeVic?]
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Backup: Toy MC Stlidies

decA (T [GeV/c?]
decA ,(Tym) [GeV/c?]

T

Events / (0.03)
Events / (0.03)
[N
N
o
o

‘1 0 1 -
decA (L) [GeV/c?] decA () [GeV/c?]
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results for m .+ .-

Backup: ToyMC Stid

c [0.52,1.15]GeV/c?

ies

+ L :
as 7+ upper limit gives less the 1 event = fixed to 0
10¢ = 1 _ 1
5 s P2 = St 0005 © 08 b2 = 0.03% 0.015 © 08 b2 2 0.05% 0.037
i £ i £ — £
x o x 060 . 0.6
— 4= o 0.4+ o 0.4 s
% A 1 S 0.2- S 0.2——= —— T
| OF T + 1 ‘ T "'—l Ok = " - "'—l OF
-2 @ -0.2- x -0.2F
-4F m -0.4F o -0.4F
< 6 < -0.6F < -0.6-
8- -0.8¢ -0.8¢
_10' . I . I . I . I . ~18 I . I . I . I . -1 . I . I . I . I .
0 032064 0.96 1.28 16 0 032064 096 1.28 16 0 0.32 064 0.96 1.28 16
BRye, % 10 BRye, X 10 BRge, * 10
10¢ = 10¢ —TeE
S & P2 = 0985 0416 ° 8 P2 = 0:057% 0:330
i i £
X 61 % 6
= o M
S 2F S 2
o O: + 4 + o O; -+ n n -
qo_| -2? ) ! 9| '2?
x -4 x -4
m -6t m  -6F
< -8F 4 -8
_10' I . I . I . I _10' I . I . I . I
0 032 0.64 0.96 1.28 16 0 032 0.64 0.96 1.28 16
BRyen % 10° BRyen % 10°
: 0 0 0
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Backup: ToyMC Stid

results for m+ .~ € [0.52,1.15]GeV/c?

[S

+ L :

as 7+ upper limit gives less the 1 event = fixed to 0

10¢ = : 1 o : I =
5 o P {38 %282 5 09 b3 = 0:007 0,011 5 09 3 = 002 6.624
— E — E — E
w8l ‘ e w 0.8F % 0.8-

7T 11 f 0.7 0.7
e E @) ‘AF o ‘AE
g 6 5 0.6¢ S 06

| 5 = 0.5 N . | 05—t

% 4 @ 0.4F B ¥ x 0.4F

3 m 0.3F m 0.3-
< 2 o 0.2F o 0.2-

1= 0.1~ 0.1~

O' L | L | L | L | L O' L | L | L | L | L O* L | L | L | L | L

0 0.32 0.64 0.96 1.28 1.6 0 0.32 0.64 0.96 1.28 1.6 0 0.32 0.64 0.96 1.28 1.6

BRyen % 10° BRyen % 10° BRyen % 10°

10: -_— + 10: = +
5 o B3 = %6046e 6275 5 o b3 = 5254 0318
H E H E
X 8- % 8F
— I — I
2 6 L 2  6F
S 5 S 5 X
x 3 x 3
m 2 M 2F
S | w1

0: . I . I . I . I . 0: . I . I . I . I .

0 032064 096 1.28 16 0 032064 096 1.28 16

BRye, x 10 BRge, x 10
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Measurement of

Reconstruction:

BY — pYpY e vertexing
oV — ™

— 4 charged 7s in the detector

e flavor tagging

e select best BY candidate (Mp.)

+ : o
select m— candidates: PID criteria

A 2 —9

be = \/Ebeam o pBTec

reconstruct ,00 candidates from w7~ pairs

e continuum identification

pY(770): broad resonance(I’ ~ 149MeV)

e randomize events to remove asymmetry due to

— Myt .- €[052,1.7] GeV/c?
excludes Kg(0.49) and DY(1.87) [GeV/c?]

ordering in the reconstruction

reconstruct BY candidates from pO pO pairs

L pol T pol
charm and strange vetos (due to combina- P P
torics) rec Eff | 19.6% | 27.2%
— removes peaking BKG
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Measurement of BR(B’O% ,00,00)

e PID criteria: information from CDC, TOF and ACC — likelihood ratios ERi/j

LR <0.9 LR/ <04 LRy <0.9
%105; %10% %105;

104 | 104 i

10%E

10°F

107k

10%F

10°E ..., T T [l AT

further loose cuts |dr| < 0.5cm & |dz| < bem
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Measurement of BR(B’O% ,00,00)

e charm and strange vetos: removes peaking background with similar final state

topology, e.g. B — D~ (n~ 77~ )™ or wrong PID

200F

S 180 S 160
© 160 © 140
S 140 S 120
g 120 g 100
s 129 S 80
> 80: > -
LU 60E LL 60
40¢ 40F
-0.1 -0.06 -0.02 0.02 0.06 0.1 -0.1 -0.06 -0.02 0.02 0.06 0.1
A E [GeV] A E [GeV]
before and after vetos
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AReuasy

Measurement of BR(B

e charm and strange vetos:

— 50000F
S ,
S, 40000
Cuts on M (77): % 30000
0 5 S 20000
D" :1.86484 + 0.02[GeV/c”] it ;
10000
K, :0.493677 & 0.018[GeV/c? Ol
0 03 06 09 12 15
Cuts on M (7w7m): M(Tm) GeVi/c?
D¥* :1.8696 & 0.02[GeV/c?]
& 25000F
DF : 1.96849 4 0.02[GeV/c?] S 20000-
Cuts on M (pp): & 10000
S 10000 JHM
JU : 3.0969 & 0.04[GeV/c?] T 50006
s T

2.8 304 3.28 3.52 3.76 4

M GeV/c?
— loss in €,¢c ~ 4% (i)
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Measurement of BR(B’O% ,00,00)

e BCS: best candidate selection

= 10°
~ 500F 2 10
8 : truth S 10°0 multiplicity = 1.40
o o i = o
S 400¢ misrec i 1)
S 300 10,
) - g . . \HHHH\ ‘
=  200p 0 10 20 30 40 50
G>) . # B candidates
o 100
ot L L(top) and 1" pol
5.27 5.2765.2825.2885.294 5.3
M,. [GeV/c?] 3
@
c
if 2 candidates with same M, % multiplicity = 1.05
= choose combination with highest 7 and lowest 7~ 7
momentum % . oo o
0 10 20 30 40 50
— purity = 76%(L); 92%(T) # B candidates
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Measurement of BR(B’O% ,00,00)

e continuum identification:  combined event shape variables using fisher discriminant

e cos(0p)

B flight direction

AN
@
2

4500
4000
3500
3000
2500

2000; 2-jet like
1500¢

1000: contfinuum

500 Y v p(q) ~ 5 GeVi/c i

O L | L | L | L | L

-1.1 -0.66 -0.22 0.22 0.66 1.1
cos 6,

Spherical
B decays

p(B) = 0.3 GeVic

Events / (0.022)

e fox-wolfram moments: H; = > WPZ(COS¢M) with Legendre poly. P
1,J
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