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€L> CP violation in Standard Model
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2008 Nobel Prize

In 1973, M. Kobayashi and T. Maskawa realized:
CP violation — third generation of quarks

In SM, CPV can be accommodated via the CKM matrix,
which relates quark mass eigenstates to weak eigenstates:

(d) (Vi Vi V)

us
" |
s 1=\ Va Vo VoS

\b'/ \th Vts Vzb/Kb/

With 3 quark generations, there is 1 phase in the CKM
matrix which is physical (can’t be absorbed in redefinition of
the fields)

@ = allows possibility of CP violation
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€L> B Meson Production

® Electron-Positron collider: e*e- - Y(4S) - BB
@ 4S resonance above the B meson pair threshold
@ Low B production cross-section: ~1 nb
@ Clean environment, coherent B%B? production
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B Factory:
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BELLE
Luminosity at B factories
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¢ /> International Collaboration: Belle
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€L> Belle Detector — Side View

Belle EM calorimeter | | K /muon
iR /@ CTOE) | Particle ID
coe. i == 52

Tracking and vertex |o _—_ HN
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€/L> EFC disassembled on 10/25, 2010

BELLE

by BEAST EFC {Exfreme Forward Calorimeter)

Volume 17 Number 7 March 1999

EFC saw First l |



g Quark Diagrams for Charmless B Decays
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<o Motivations

BELLE

=

®m Charmless decays: a good searching
ground for large Direct CP Violation

due to tree-penguin interference

b— s (d) FCNC loop process: sensitive
to new physics

Unexpected large rates/CPV: new
physics

Charmless two-body decays: useful to
constrain CKM unitary triangle

(!
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= B->ppK example

BELLE
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«/> Particle Selection

We use the PID (ACC+CDC+TOF) system to

identify the charged particles.

- 2__>0.6 2 __>03
Proton: L+L, L+l
L. £
Kaon: 7+ "° i
_ Ly <04
Pion: Ly +L,

/\: reconstructed from A —=>p -

TO

~9%

~10%

~4% ~8%

Fake rate
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€2 B Signal Reconstruction

S L 19422

In Y(4S) rest frame:
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€2 Background suppression
mmi_Wum qq events (g=u,d,s,c).

®m The Topology of continuum events and B decays are
different. We choose |[cos6,,,c]/ S, R,® R, ¢ R,°°
R5°° R,°° as the fisher input and combine it with cos6, to

calculate the likelihood ratio.

—-—

m We define the Super-fox wolfram moment (F) like:
F — zaiRiOO + ZﬂiRiSO + 7/ | COS 9Thrust| +$J_

i=2.3,4 i=2,4 o o
We use Fisher’s discriminant to optimize the coefficients.

continuum events
]
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—Signal MC
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&2 gGjgnal Extraction

m PDFs: Mpe
@ Background modeling: a line (curve) to .
represent the AE and the following 0
parametrization first suggested by | -
ARGUS group to represent the M, _. oy
f(Mbc) OCMbc\/l_(Mbc/Ebeam)2 eXp [_5(1_(Mbc/Ebeam)2] _ L 6F M
@ Signal modeling: a double Gaussian for 3 il
AE and a Gaussian for M, . | i
® 1D-binned fit: maximum Likelihood fit | |
@ Branching fraction are calculated by AE fit AE M
bc
@ M, fit for cross—check.
ml

2D—unbinned fit (AE—MbC): Extended maximum likelihood fit.

1’

N
L=e"?] [[SP.(M,,,AE)+ BF,(M,,,,AE,)]
i=1
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1> Cited from PPP7 opening talk
N (by Professor H.Y. Cheng)

Extensive studies of baryonic B decays in Taiwan both experimentally and
theoretically

Expt. Theory
Belle group at NTU Chen, Chua, Geng, Hou, Hsiao, Tsai, Yang,
HYC....
B—ppK : first observation of o
B "Pﬁl’.K.W,TE} 0008079, 0107110, 0108068, 0110263,
- 0112245, 0112294, 0201015, 0204185,
—=Ap(n,K) 0204186, 0208185, 0210275, 0211240,
—rﬂﬂl( 0302110, 0303079, 0306092, 0307307,
e - _ o 0311035, 0405283, 0503264, 0509235,
B—pp, AA, pA (stringent limits) 0511305, 0512335, 0603003, 0603070,

penguin in baryonic B decays ('04) 0608328, 0609133, 0702249,
PRD(05,not on hep-ph)

Publication after 2002: (hep-ex)
0302024, 0310018, 0406068, 0408143, Taiwan contributes to 87% of theory papers

0503046, 0503047, 0703048
There are total 15 papers so far A
MLBT&QD |
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. First Observation of Charmless Baryonic B
% Decays

With charmonium veto

PRL 88, 181803 (2002)

& Large 3-body ppK ™ signal observed N%
(3L.7M BB, PRL 88, 181803 (2002)) o

e Bt — ppK™* %
I

— 42.8J_ré%8 events, 5.6 o
-~ B=431+t+£05x%x 107"

e BT — ppr™t
— 16.2755 events, 2.1 o
- B<37x107°

e B — ppK?
— 6.4"_';:$ events
— B(B® — ppK®) < 7.2 x 107°

Events / 10 MeV

& Prefer to decay to 3 body PRD 65, 091103 (2002)

BF(3-body) >> BF(2-body)
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" New type of B Decays: B* — ppK~

Peak at Low Mass

Baryon form factor?
@ Cheng & Yang PRD 66 014020 (’02)
@ Chua, Hou, Tsai PRD 66 054004 ('02)

Quasi 2-body Decay?
@ Chua, Hou, Tsai PLB 544 139 ('02)
@ Glueball?

—
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(Events / (GeV/c%))
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M5 Gewéj
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S Glueball Search

Search for glue-ball Production in rare B decays PLB544, 139 (2002)

dM;
o
\H‘\H‘H\‘H\‘H\‘\H‘\H‘\H‘H\‘\H

|

e

T}

—

——

¢

—

MpB

(GeV/cH)

2222252 252 2752.3 2.325%.352.375 24

Scanning through the mass region from 2.2 to 2.4 GeV region
No significant signal is found.
We set a 90% confidence-level upper limit:

BF(B*-> glueball K*) x BF( glueball > pp) < 4.1x10-7

21
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€2 pentaquark search in ppKs

m ©+(1540) : uudds

w ©F > K+ n G)+9K°
n K* o*
5 B9 O+p

B% > ppK?®, B 2> ppKs
Search for B signal with a 20 MeV pKs mass
window cut at 1540MeV

22



LS > B
&L2 pentaquark search in ppKs

1.2 ¢ 1.2
2 | S (b)
o T 2 1
£0.8 | ~0.8
0.6 | 30,6
L L
04 | 0.4
0.2 F 0.2
0 & o ——. I
01 0 01 0.2 52 52255255275 5.3
AE (GeV) M, (GeV/c?)

Fixed background shape from sideband data

Count the events in signal region and compare
with background estimation PLB 617, 141 (2005)

BF product upper limit < 2.3 x10-" at 90% C.L.

23
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0.8

0.6

0.4

0.2

0

ppK signal

:F:‘;_

.
-1 -0.

! | ! | ! | ! | ! | ! | !
75 -05 -025 0 025 05 075 1
Cosep

PLB617:141(2005)

gular distribution: ppK+ 140fb™

- +
Proton against K (p against K ) : flavor dependence!

P

at pp rest frame

O k+

for threshold peak
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€L Theoretical Predictions for ppr*

18]

Angular distribution

@ Perturbative QCD(PQCD):
Geng and Hsiao, Phys.Rev.D74,

@ Final-State Interaction (FSI):
M.Suzuki, J.Phys.G34, 2007 ' T cose

Upper limit
@ BF of Bt—pA*+ was predicted to be

@ 2.9%x10°7 (QCD sum rules, Chernyak and Zhitnitsky
Nucl.Phys.B345,1990)

@ 3.2x10% (pole model, M.Jafri,Phys.Rev.D43,1991)
@ 1.4x107° (pole model, Cheng and Yang,Phys.Rev.D66,2002)

_6)

4]

fitting curve

osh (10

=

w
9]

dBr/
b

predicted
curve
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BELLE

B+>pA°

Expected background: 81.4
Background uncertainty: 2.0%
Observed event: 86
Systematic error: 7.3%

Yield upper-limit: 28.3

BF(B+*>pA°)< 1.38x10-6

B+>pA++

Expected background: 73.0
Background uncertainty: 2.1%
Observed event: 59
Systematic error: 7.3%

Yield upper-limit: 9.1

BF(B*>pA+*)< 1.4x1077

Dalitz plot of B*>ppn* 414fb!

PLB 659:80 (2008)

M%=" (GeV/c)

p A+

B>

14 16

Fe_ + I1EI
M (GeV/

20
c%}

26
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<> Results for B->pph

o

465M BB pairs
PLB 659:80 (2008)

0 Ta _ G Chua, Hou and Tsai
B2>ppK :- + B2 PPTT & .||physrev.bs6,2002
2|\ x2/d.o.f=328/9 o 4 | x2/d.of=22/9
a'f w/o 2 veto bins sl
3 ¢ =3
g °f s
E L saeljooe 3 ++—0——9—|—_4_ ol +_+__+_—+—
With Charm Veto® *° Mpg (G:fésvxczf *o 2 25 &f‘pﬁl %éew‘éé) 45 5
+ K= 0.27 - —
BF(B*>ppK*)= (5.54'02] +0.36)x10° | BF(B*>ppr*)= (160922 +0.12)x10°
5 ’ 52.5 i
5 © 5 + x2/d.of=115/
Threshold peak = - 2 Geng and Hsig
# 15 + Phys.Rev.D74,2006
Ag= (N.-N)/(N,+N) i 1
-045:005 [t Ag=-0.47£0.12 3> |
D—‘l -075-05-025 0 026 05 075 1 0 ] ] +
CosBp -1 075 -05 —0.2500059:25 085 075 1

27
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€L Angular asymmetry in fine pingt14fb

BELLE

-

= The binned angular distributions of B> ppK:
M;,<2.0 GeVic? M,,=2.0~2.2 GeVic? M,,=2.2~2.4 GeVic?

350 350
g [

C C

.2

.2
7]
2 300
w
- =
| 3 3
2 o
S 250 | 5 250
oot
i 200 -
ap |-
150 |-
60|
0|
20|

Yield/Effeciency

200 |
150

100 | 100

50—‘— 50|

Cos!

Mpp=2.4~2.6 GeV/c2 Mpp=2.6~2.85 GeV/c2

350
? [
-

Yield/Eff cy

o= = PLB 659:80 (2008)
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Events / 8 MeV
Moy &
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Observation of B? —ppK*0

@
[
Ul
=y
[}

K™

Events / 2 MeV/c
Events / 12 MeV/c?

- ¥} L
[} (=] (=]

[ L L [ hf i Lok ] pads, -
5.2 5.25 5.3 B Q.75 1 '

L
o
TT71

K™

]
]
TTTTT

Events | 2 MeV/c?
[

Events /12 MeV/c?

o L - 0 L ;
5.2 5.25 5.3 0.75 1

1] 0.2 '
AE (GeV) M. (GeVicT) M. (GeVic®)

BF(B>ppK) =(5.54 )x10-6 PRL100:251801 (2008)
>BF(B+9PPK*+) :(3‘38 )x10—6 Pattern agrees with Pole model

>BF(B°>ppK®) =(2.51 )x10-6 Predictions, Cheng & Yang,
>BF(BO>ppK*9) =(1.18  )x10-6 PRD66:014020 (2002)
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¢ /> Decay angular distributions of K

BELLE

o () E 30 H(b)
.:f_'_:' S0F Hy=1.01+£0.13£0.03 D F Hy=0.532+0.174+0.09

GDSBH GDSBH

K*0is almost 100% longitudinally polarized
Consistent with the b — s picture for two-body decays

K** has non helicity zero amplitude

e.g. eternal W emission diagram PRL100:251801 (2008)
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Threshold enhancements and A,

A
BELLE
— 4 7 = 10p
©asfF Ko | o of”
~ = g -
aQ 3 F D -
O UE Q 7F
{“—H_L 25 1 {‘“‘“ B ;—
o 2f o 5
T 15F I
s - & 3f
= 1F = F
- - Z2F
2 o5t ﬁf S
(W] - ] (WA C
G | T I I A | T T T IF PRI EI " I
© 2 25 3 35 4 © 2
M- (GeV/c?)

FP

PRL100:251801 (2008)

T i

K™

. 5
M (GeV/c?)

Threshold enhancements persist in all charmless baryonic B decays

Acp(B+2>ppK™)= -0.01+0.19
still need more statistics to check the theoretical prediction
(~20% from Geng, Hsiao &, Ng, PRL98:011801 (2007)).
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€2  Study of B > pAy 414fb™

BELLE

40
35
30
25
20

J{ e pAySignal

Entries / 20 MeV
Entries / 25 MeV/c?

5.2 5225 525 5275 5.3

x4 N0 2\—1
dBF / dM;*10° ((GeVicd)")
o - N w B [8)] (o] ~ (o] [{e]
I |
_+_

AE (GeV) M, . (GeV/c?) Lt _*:_1_
M (GeVic?)
PRD76:052004 (2007)

Signal yield:

B heoretical prediction:
Signal Yield for B>pAy with Pole Model: Cheng and Yang
M 3<2.4GeV/c?: 95.3 Phys.Lett. B533 (2022)
Statistical Significance: 14.50 BF(B> pAy) ~ 1.2x 10
Full mass range: TQCD counting rules: Geng and Hsiao
BF(B%D/TY ): (2. 45+0 44~ 22)x106 __ Phys.Lett. B610 (2005)

0.38 BF(B> pAy) ~ 1x10°

32
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&2 Angular distribution

Fit results in bins of cos@, with ~08p
Mx<4.0GeV/c? S ., | —-Signal Yield
(Assuming X->pA, calculated in X @ | o
rest frame. 6, is defined as the o6 F
@ n
angle between the proton @05
direction and the meson/photon g ]
direction.) = e 1
8 T03f
0.2 —
’ iAo o)
U | | | A |

1 <075 05025 0 025 05 075 1

B* o
W < CIOSE}p

PRD76:052004 (2007)

Qe
i




BELLE
2225 % 35 .
> 20 E 30 N‘Q N
Y175 0 > | A0 o
8 15 S © s|+ -e—p A1 Signal
F12.5 £ 20 1 | o .|
10 ! \ W 45 I :‘ E‘E 3l
75 A 0 ' ” X 2 |
X SO J I 5 i b L - ‘\»
" 1 L IT ] 1
PET B L e '|'|. M B TR | B _+_ 4‘7
0 02 0.4 %2 5225 525 5275 523 obee o 1
2 2.5 [3\/| ) 3.566\?/02) 45 5
AE (GeV) M, (GeV/c?) o |
—_1.2
s | |—e- Signal Yield
Signal yield: @

Signal Yield for B>pAm® with
M,7<2.8GeV/c?: 56.1
Statistical Significance: 10.20

BF(B->pAT? ): (3.00 +9-61+0.33)x10°¢

First observation!

P

o
)

d Br/d Cosf
o
()]

Lot

ol 1
-1 -0.75-05-025 0 025 05 075 1

Cosep

Study of B pK;zO PRD76:052004 (2007)
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«/> Dalitz plot B'— pAx’ PRD76:052004 (2007)

BELLE
——
o 30 | | ENTRIES 1310
. . . A

The studies of intermediate = §

two-body decays: o sl B Black dots:signal region
1= L ‘ol :
£ - = B Yellow dots:sideband region

We apply M, <1.40 GeV/c? P

20

for B >AA'.
BF(B">AA" ) < 8.2x107

We apply 1.30<M,_<1.45 /

GeV/c2 for B™> £ 0p. S - ER RN R AT
BF(B™>20p) < 4.7x107 o B N R Nl g

5 _ g ”E ﬂﬂag:.:"“:.n;n il H "uusin“" b

0 _u L1 |T| Ly v v vy v b b P Iy |

IIIII 1
0 2 4 & 8 10 12 14 1§ 18 20
Mr (GeV/c)

Threshold enhancement
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<o Study of B'— p/_\ﬁ— PRD76:052004 (2007)

o o
0] ‘>‘ |
= @) 6 |- - .
] = J[ -o—p A0 Signal
g e s
.°_U3 = 5 i +
z 2 4
L = |
L I
| 3 j
* 2| +
o O 1 ] L 1 L z1 1 ;7 +
01 0 0.1 02 0.3 52 5225 5.25 5;275 53 b I. } ++ s l. N
2 2.5 3 35 4 4.5 5
AE (GeV) My, (GeVic) Myz  (GeVic?)
—~12
8
- ] C
Signal yield: g

p

++ Signal Yield
I

o
(0]

Signal Yield for B>pAT with
M <2.8GeV/c?: 129.4
Statistical Significance: 20.00

d Br/d Cos®6
Q
(o]

o
-

BF(B->pAT™ ): (3.23*0-33+0.29)x10-° |

+ A0 Chua&H
BF(B _)py ) 2093 + 021 #1/27? Eu:aPhy:.uJ.029°4 075 05 025 0 025 05 075 1
BF(B* — pArx) (2003) Coshy
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Ly > ~
@ Da|ItZ plot B* —)ijz'_ PRD76:052004 (2007)

BELLE

The studies of intermediate two-

body decays: E N
AN
We apply 2.262<M,_<2.310 GeV/c2 & %[ %=
pply AT £ \Q

for BO>Ap. 0.7 [ RN
BF(BO>A,p): (1.439.5610.45) x105 [ &

0.56
BF(BO>A, p): (2.19+9-56+0.32 +0.57)

x10~ (PRL 90 121802) 15]-

We apply M,,<1.40 GeV/c? for
BO>AAC, B
BF(B°>AA? ) < 9.3x10”

We apply 1.30<M,,<1.45 GeV/c* for
B> Xp.
BF(B°>X*p)< 2.6x107 % 2 4 6 8 10 12 ﬁe 2

M~paA GeWc
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@ Introduction to A polarization

—-—

m Decay parameter a: -

w
@ Transition rate R is proportional to (1+acosB). N Q
: , Ny

@ O is defined as the angle between the initial
hyperon polarization and the momentum of the

A
final baryon. l'l'/

@ a,=0.642+0.013 O
(PDG, Journal of Phys. G33, 1 (2006))

-—

® The effective angular asymmetry parameter d:

@ For the cascade decay B>AX->n pX :

d-T 1 dar = — ‘
dE, cos@, 2dE, B
@ 0O,is defmed as the supplementary angle between the

emitted proton momentum and the B momentum in the
A rest frame.

38



€2 Theoretical prediction

Predicted a of B=>AX—>pmX cascade decays
Chua and Hou,J. Phys. G: Nucl. Part. Phys. 29 (2003)

@ The relation between a and a can be written in the

form:
A B ) =PalEq) gy

&

T

@ For A and A, both the polarization
function P,(E,) and decay
parameter a have different sign,
with the same absolute value.
(i.e. a,=ay)
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€/> Theoretical curves & Datg¥14fb i

BELLE

y a, (B*>pAy) = -0.57 £0.33 +0.10 BSAX PRD76:052004 (2007)

M. Suzuki, J. Phys. G: Nucl.

o T, (B*>pAT®) = -0.27 +0.33+0.10
Part. Phys. 29 (2003)

_ — 3 -
o a, (B°>pAT)=-0.28 +0.21+0.10 o B % i
0.2 A B — pAn”
. 0
e Theoretical curves:
BepA.IT = ° A B — pAn” o
Chua and Hou, Eru. Rhys. * B pAnt 04
J. C 29, 27-35 (2003)) s
02 \\_,_\ -0.8
S
o 1 12 1.4 186 18 2 22 2?4
E; (GeV)
U553 14 16 18 2 E}z(Géﬂv)




</ B> AAh Fitting Results 605fb™

BELLE
PRD79:052006 (2009)
Charmless branching fractions.
Mode Yield B(10~%) Significances (o)
B" — AAK" | 491%3¢ 4761081 + 0.61 125 ,
o _._;j _g'ff. First observation!
BY — AAK*Y | 253722 2.461720 4+ 0.34 9.0
AT 12.9 0.41 , .
Bt — AAK™ (1034775 3.38735; £ 0.41 16.5
Results in the threshold-mass-enhanced region.
Mode Yield B(10~5) Significances (o)
Bt — AAxt | 7767570 < 0.94 at 90% C.L. 2.5
Bt — AAK*+| 6.547337 2101134+ 0.33 3.7
(< 4.98 at 90% C.L. )
Related search.
Mode Yield B(10-5) Significances (o)
BY — AADY | 553830 105107 £0.14 3.4
(< 2.60 at 90% C.L. )

a1



M ,x Distribution

The threshold enhancement is still there for the two newly

observed modes
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¢« /> Dibaryon Angular Distribution

@ Fit results in bins of cos8 , with M, ,<2. 85GeV/c?

PRD79:052006 (2009)
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‘L@lscussmn based on quark diagrams

BELLE

u

comparably smaller BF(B*—AAT*)
considerably larger BF(B%—AAK?)
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¢/> More Comparisons
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> B
¢ > Threshold enhancement in B* > pAa'n

——

BELLE

# of B/eff. in M, T spectrum

Fit with threshold function

Events/(100Mev/C"2)
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=00
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First observed in 4-body B decay

Phys.Rev.D80:111103 (2009)

605 fb!
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Intermediate 3-body decay study

0

Decay
per
pPAp

Dxfz

1DD—g
0 i l i

025
AE (GeV)

BF (10°)
5.92

4.78

2.03

Phys.Rev.D80:111103 (2009)
"o 500 0200 =
- -2
:1: 2175 =
E'ﬂ-ﬂﬂ g15ﬂ -
2300 ©125 -
9 £100
o 200 g 75
@ 50
100
25
0 0
52 525 53 0283 17945 33
M, (GeVic)) M___ (GeVic?)
Stat. Err. Sys. Err.  Eff.(%)  Significance _
088 4.32 9.1 W pAT
084 T : ' B->pAp
+0.67 — B2pAf;
+0.60 4.17 9.5 Continuum
-0.64 P
+0.
077 4027 2.94 3.0

-0.72
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Ly >
QE% B- — pADY DY -K-zt*

Chen, Cheng, Geng&Hsiao, PRD78 (B %Mc
5 B i
b — ¢ can be useful. to understand t.he ; — \gC

charmless decays since the penguin -
contribution should be small

Yo

FIG. 1. Two types of the B — BB'M, decay process:
(a) current type and (b) transition type.
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Small signal yield from D° sideband
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Threshold enhancement
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Events / (20MeV)

BELLE B_ — pADO, DO —>K'TC+TCO 605 fb-1

45 E
40 E
35 f
30
25 B
20 E
15 E
10 E

CT -

Events / (4M e‘w"r’cz)

5
D-D.-1“II[I]I”;]IJ“I;]I.P_:I“DI;;I“D.ﬂr DE.E I5.,’:!25I 5.I25 I5.2!?5 5.3 -2
AE (GeV) M.,.. (GeV/c?) 2 3 4 MpAGeViE)
Measured Br = (13.47 +4.40 -4.03 £ 1.84 )X10-¢
Significance = 3.85
Prediction =11 X 10-® Chen, Cheng, Geng&Hsiao, PRD78
(2008)

Combined BF

= (14.01 +2.67 -2.40 + 158 )X10-6
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=  Summary

Baryonic decays: Well established after a
few years of B-factory running
BF(2-body) < BF(3-body)

Threshold enhancement in the baryon-

antibaryon system:
Puzzle of angular distribution!

Searching ground for exotic states
More results will be shown this winter
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