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CP violation in SM
Standard Model quark mixing

(@\  (Var Ve V) (@)
/

s Vea  Ves Ve s
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Cabibbo-Kobayashi-Maskawa (CKM) matrix (Vcxw)

CP violation enters the SM through the complex phase in the CKM matrix

(7:7)
Unitarity relation (Vekm Viekm = 1) V., V*

ub

7 %k

‘;([ V 2b
ViaVii + VeV + ViaViy =0 q l

The B factories (Belle and BaBar) measure the O3 A ‘\B Cbl )

angles/sides precisely in different B decays

(0,0)
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Unitarity Triangle




KEKB Asymmetic e*e- Collider

8 GeV e on 3.5GeV et
boost By=0.425

Interaction
Point

HER : High Energy Ring
LER : Low Energy Ring

Positron Target
Electron
Source
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KEKB Asymmetic e*e- Collider

8 GeV e on 3.5GeV et
boost By=0.425

Belle detector

, efe"™Y(4S)—BB

L=
)
<
N
()
| .
c
|_
(a0}
(a8}

HER : High Energy Ring
LER : Low Energy Ring

Positron Target

Y(18) Y(28) Y(3S) ) Y(4S) Electron
944 944 10.00 10.02 1054 10.37 10.54 10.48 . Source
¢’¢” Conter-of-Mass Energy (Ge

Fermilab, October 18, 2011 Himansu Sahoo - University of Hawaii Slide 3



Luminosity

Integrated luminosity of B factories

World record for integrated S >1ab™

[ ] On resonance :

. o ) 1
luminosity (1 ab-1) ' o ;:Z:;;ﬂ gl
Y(3S): 3!
Y(2S): 25 fb !
Y(1S): 6 !

Off reson./scan:

Large Statistics of B meson pairs : ~100 fb !
are available (772 M BB) %%

~ 550 fb™!
400 - ' - ‘ On resonance:
[ Y (4S): 433 b
) Y(3S): 30 fb !
11 years of operation of Belle 200 Y Y(28): 4B

Off resonance:

(May 1999-June 2010) A ol N | e

1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1

KEKB Control room
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Belle Detector .

— Aerogel Cherenkov Counter
o . 4 n=1015~1.030
/ .-‘7.\'\ - ’\\

Electromagnetic Calorimeter-|
CsI(T) 16X, ~ N\

entral Drift Chamber
. Jnomentum, dE/dx

B vertex

Si Vertex Detector nl K, 1 detector
4-laver DSSD L |
aycl 14/15 layer RPC+Fe
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Time-dependent CP asymmetry

Interference between BO—=fcpand BO— B0 {cp

e BO-BO mixing : A neutral B meson can transform into its
own anti-particle

® Both the B? and its anti-particle B? can decay to the same
state final state.

® (P violation arises from interference between mixing
and decay amplitudes.

Time dependent CP asymmetry

__ I(B(At)~£,,)-T(B°(At)=£,)

/q ( At) T I(BY(At)~fp )+I(B°(At)—~f,)
. _ 9 A(B=S)
— 2ImA sin(Am oAt)—l_lAl cos(Am «At) = 7A(Tl.f)

1+ A 1+ A7
L Ny s

S A A(At)=-n,, sin20,sin(Am-At)
(for b—ccs decays)

Mixing-induced CPV  Direct CPV
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How to measure At in experiment?

We need to know the flavor of the B at a reference t=0.

i
7 i positon

Y(4S) 3.5 GeV)
By =0.425
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How to measure At in experiment?

B0

positon

Y(4S) 3.5 GeV)
py=0.425 g,
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How to measure At in experiment?

o

BO

*(—
positon

Y(4S) 3.5 GeV)
py=0.425 g,
g

!

/)

The two mesons oscillate
coherently: at any given
time, if one 1s a BY the other
is necessarily a BO
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How to measure At in experiment?

At t=0 we
0 know this
meson is BO

positon

Y(4S) 3.5 GeV)

" Tag Sid
By =0.425 AR e )

1}0
g J
~ - N

The two mesons oscillate In this example, the tag-
coherently: at any given side meson decays first.

time, if one is a BO the other It decays semi-leptonically
. . = and the charge of the lepton
is necessarily a BO

" gives the flavour of the tag-
side meson :
[-=BY [+=Bo.
Kaon tags also used.
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How to measure At in experiment?

Tag Side

i [~ (e-, u-)
- J
- _ h'd
The two mesons oscillate In this example, the tag- o
coherently: at any given side meson decays first. '\\At/ picoseconds
time. if one is a B? the other It decays semi-leptonically later, the B¢ (or

' , _ and the charge of the lepton haps it i
0 | perhaps it 1s now a
1s necessarily a B gives the flavour of the tag- BY) decays.

sigle meson :
[-=B0 [+=B09,
Kaon tags also used.
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How to measure At in experiment?
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Expected experimental distribution

At (ps)
q=+1 (-1) for tagging

e~ |Atl/TH

Plg, At) = {1 +q [S sin(AmgAt) + Acos(AmdAt)] }

q = +1 (-1) for tagging B? (BY)
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Expected experimental distribution

At (ps)
q=+1 (-1) for tagging

e~ |Atl/TH

P(q, At) = T {1 +q {S sin(AmgAt) + Acos(AmdAt)] } ® R

—qAw

R : detector resolution

(1=2w) w : wrong tag fraction
(misidentification of flavor)

< (1-2w) quality of flavor tagging

These are well determined by using

data control samples: D'lv, DU efc...

q = +1 (-1) for tagging B? (BY)
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B —(cC)K? decay modes

B— Charmonium K° : Golden modes for CP Violation measurements

® (Clean Experimental Signature
® Many accessible modes with (relatively) Large BFs  [go_, T/ KO ~ 8.7x10~
e [Low Background Levels, high efficiency BO— KO ~ 6.2x10~4
¢ Clean Extraction of CKM angle BO=xe1 KO ~3.9x107*

0 0~ —4
e Dominated by tree diagram BO—nc KO ~ 8.9x10
¢ [ eading penguin diagram has the same weak phase as tree

wl — l+l_, Kg — Tt [+I-is e*e- or utp-

BY — w’Kg {

w/ . J/w7_‘__|_7_‘__7 J/¢ ENSENE four decay channels

BB Mixjng Tree Diaggpm - SM expectation
5 “ 3 :

p ) J /) - N , .
c g A —i2¢, S=—1 smz¢
_ o = — —- cp 1
B B k pA7"E [-A(—C)=0 ]

A(At)=-n,, sin20, sin(Am-At)
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B candidate selection (AE and M) MC

B candidates selection based on two ~ ®xpvieid 169450 « 1313 _ Cvield : 16740 + 132
. . . Mean : 1.28 = 0.0% MeV | | Mean : 5.28 + 0.02 MeV
kinematically uncorrelated variables.

[ sigma : 5.41 = 0. L Sigma : 2.81 + 0.02 MeV

5 MeV)

Events/ (1.25 MeV)
3
3

Events/ (2

-
o
o
o

-
o
o
o

AE =FEf — B

beam

5.225 5.250

Moo = /(B = 03P | '

AE : Energy difference

My : beam-energy-constrained mass _' AE vs. Mbc ; ,_

Eg* (ps*) : Energy (momentum) of B in center-of-mass

Epeam™ : Beam energy

Signal region :

PRSI S N ST U I SN SR R S S R S
.2 522 524 526 5.28 5.3

|AE|< 0.03 GeV && (5.27 <M< 5.29 GeV/c?) AE vrs. M, plot
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BB Backgrounds in y’Ksmode
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Many peaking backgrounds (having same fina
state as signal B> \'Ks ), but overall level in

tiny (~1%) compared to signal

Fermilab, October 18, 2011 Himansu Sahoo - University of Hawaii Slide 11




How to estimate the peaking bkgs using data?

L MC

L Sigma : 2.89 Me

Peaking modes do not have real ' = J/ym+m-

They do not peak at the ' mass => estimate from
sidebands of [y’-J/\p] mass

Six sidebands are used, each having same width as
signal region

i slgnal reglon O 5 8-060 Ge‘v

R R I AV I A A T
0.55 0.60 0.65 0.70
(w(2s)-J/vy) Mass(GeV)

MC signal :::| MC peaking 1s ~1% of the signal

region sideband

l fix the peaking shape

Data H. Sahoo et al., PRD 77, 091103 (2008)
sideband

(657 M BB)
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B —(cC)K" signals

BO—J/y KO

® Belle’s new result with full data sample (772 M BB). Ny = ee, pHu-
® More data and improved tracking = nearly 50% more signal Ks =i

KL : clusters
BO—=y’'Ks

Y’ = ee, W, /Pt
BO_’XCI K
Ps* for K. : only K, direction is measured; missing momentum Xe1 = Iy

is calculated using known B energy and K. direction.

than previous analysis.

W=y 772 M BB

BELLE

w
(=
o
o

decay modes signal Yield 5000 !

+ All combined
—— Fit result

o Elresut i BO— I/ Ks 12681114
— B~ y(25)K?

B® - KS BO—=y’'Ks 1981446

- + B —Jy K
4000 | — Fit result
I Background

N
o
o
o

3000 |

events / 1 MeV/c?

Events / 50 MeV/c

Nsig = 15600 |

2000 |

Purity = 96% | 'l BO—J/p Ky 10041154

1000 |

] S Y CP-even :
5.2 522 524 5.26 528 5.3 Nsig = 10000 °5"55040608 1 1.2141.61.8 2
M, . (GeV/c?) purity=63 % P,*(GeV/c)
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sin2@ in B2 (cc)KO decays

D —
@»] 772 M BB Background subtracted, good tagged (r>0.5) only

Entries /0.5 ps

== N N
o O
° °

Entries /1.5 ps

a
o

—h
—t

Asymmetry
Asymmetry

o
°
E
£
>,
7
<

N(B")+N(B)

64202 46 T 642024286
At (ps) At (ps)

BO—=J/y Ks BO—J/p KL BO—y'Ks BO— 1 K,
S =0.67120.029 S = -0.64120.047 S =0.739+0.079 S =0.63620.117

A =-0.014+0.021 A =0.019+0.026 A =0.103+0.055 A =-0.023+0.083
(stat errors only)

CP Violation 1s observed in all modes
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2011 measurement of sin2@; at Belle

2 400/

D —
3= 772 M BB o
CP-o0dd (nep=-1) 3 20|

‘£ 250}
S 200
BO_’J/\’} KS w 150;
BO—={y’'Ks 100}

By Ks 53

Asymmetry

CP-eVen (ncp=+1)
BO—J/ KL

Asymmetry

Entries /0.5 ps
== N N

6 -4 -2At?s)2 4 6 " 6 -4 20 2 4 6
p At (ps)

Combined result for all charmonium modes

sin2¢; = 0.668+0.023(stat)+0.013(syst) World’s most precise
A =0.007x£0.016(stat)+0.013(syst) measurements
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sin2@;: 2011 World Average

Sin(ZB) = Sin(zq)l) m CP violating effect is O(1) in B meson

PRELIMINARY

BaBar
PRD 79 (2009) 072009

BaBar y_, Kq

=

—

- - : instead of (O(10-3) in K meson system
0.687 £0.028 £ 0.012

" Beauty 2011
T] PRELIMINARY

PRD 80 (2009) 112001

BaBar J/y (hadronic) Kqg
PRD 69 (2004) 052001

Belle

Average
HFAG

Moriond EW 2011 preliminary d

-

0.690 + 0.520 + 0.040 + 0.070

; 1+
1.560 + 0.420 £ 0.210 !
: 0.8

0.668 + 0.023 £ 0.013 06

0.4 r

0.2 r

0.678+0.020

0.3 0.4 0.5 0.6

® Experimental uncertainty on sin2¢; ~3%. °* 5

0

g

MA® *).@.a MNP A9 AIHNOAVASIA

0.8 0.9 1 1.1

0

® A value is consistent with zero (A = —0.013+0.017).

® CKM angle ¢:(P) is measured with < 1° precision.

reference point for new physics search
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UT from sin2@; & indirect constraints

1-5IIII|IIII|IIII(&IIIIIIIIIIII

excluded area has CL > 0.95 e\
Q

P, %
| ‘ Amy & Amg

Global fit result by CKM fitter

All independent measurements
overlap at a single apex of the triangle
=> consistent with CKM picture

(a2]
A

| fitter E sol.w/cosz¢1<o ]

Winter 11 | 3 (excl.atCL>0.95) -

_1_5|||||||||i|||||||||||||||||||
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Y
® The SM source of CP violation is not sufficient (10 orders of magnitude less)
to explain the matter anti-matter imbalance.

® New sources are required to explain the matter dominance.

Look for New Physics beyond SM
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Radiative penguin B decays

® Flavor Changing Neutral Current processes.

® Forbidden at tree-level in the SM, but allowed through loop
(penguin) diagrams.

® Non-SM particles may contribute to the loop.
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b-sy spectrum

B(B_>Xsd Y)

e pAvy

- — - HFAG
Many exclusive b—sy modes have been = P
observed by CLEO, Belle and BaBar 8 _ Ly

4 ”(;Z : EiltlaepAR

H 2 —e— New Avg.

Inclusive B— Xsy branching fraction | e
— K'tm vy
. Ktn'~
(3.55+0.26) x 106  experimentally measured = «r-
Ky
—::_— KOy
K (1400)~

. K0(1400)y
K3(1430) "~

e —
—=— K3(1430)%

Sum of all measured exclusive b—sy decays is | Ki(1750)
. . ——— Kt 7ty (N.R.)
only 44% of the inclusive rate | = T

b ——
— TR

—— Kfmmty
] Km0y
Ty R
— KTt N.R
= K"y
—_—— I(*O’y
Ki(1270)~

{ K1(1270)y

room for new exclusive decays

e d'y
—— = — sy x1/10

0.0 40'.0
Branching Ratio x 106
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b-sy spectrum

B(B_>Xsd Y)

e pAvy

- — - HFAG

Many exclusive b—sy modes have been = P

observed by CLEO, Belle and BaBar 8 _ Ly
—— Belle

(0)
B P —— BABAR
| & —— New Avg.

° . . Oy —’
Inclusive B— Xsy branching fraction B B= Ky
= K Ty
. Ktn'y
(3.55+0.26) x 106  experimentally measured = «r-
Kty

—::_— KOy

K (1400)~

. K0(1400)y
K3(1430) "~

. . —_— K3(1430)%y

Sum of all measured exclusive b—sy decays is | Ki(1750)
——— Kt 7ty (N.R.)

¢ K0y

only 44% of the inclusive rate | T

b ——
— TR

—— Kfmmty

] Km0y
— Ktn—~ (N.R.)
= K"y
—_—— I(*O’y
K7 (1270)~

{ K1(1270)y

=8=d'7

—== a0 ) Jnclusive

0.0 40'.0 80.0
Branching Ratio x 106
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Search for New Physics BO— @Ksy

_-right-handed photon in SM

D. Atwood, M.Gronau, A.Soni, “ final state

PRL 79, 185 (1997)

Bd _ N_O_ left-handed photon in SM
(db)
In SM, radiative photon in b-sy (b-5sy) is flavor-specific.

B0«BO interference can occur only through a helicity flip.

The CP asymmetry in SM is suppressed by the quark mass ratio.

S~ —2(ms/mp) sin(2¢1) ~ 0.03
A large CP asymmetry will be clear hint of new physics (e.g. LRSM model).

With enough statistics in neutral mode, we can do a time-dependent measurement.

CPV in b—sy requires right-handed currents rather than a mixing phase
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Seven years ago...

o
o

b

N events / 2.5 MeV/c¢c”

W= 96 M BE

BELLE

"
(=]
T T

PRL 92, 051801 (2004)

n=
2 T

22 524 526, 528
, , L. (GeV/ch)
® First observation of B¥— @pK*y by Bell/e

® Events: 21.6+5.6, significance: 5.5¢

2

® Neutral mode 1s not observed yet!

® Upper limit, B(B?— @K% )<2.7x10-¢, using
5.8+3.0 events B

/

N events / 2.5 MeV/c

A Now Belle has a data sample nearly eight times larger

[
=N

o
(]
T

N events / 2_5 MeV

]

N 5] _ > =]
. T T T T T

0.2

E-E_ (GeV)

beam

1 211NN

M

be

. 522 524 5.26, 5.28

(GeV/cY)
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Continuum backgrounds in B— @Ky

® Dominant background : ete-—qq events
ere-— Y (4S) : 24% ‘ are separated using a likelihood derived

ete—qq : 76% ] from event shape variables and the B
flight direction

£ Signal : spherical as B mesons are
4 * " . 477y ]
e HMQ-—' almost at rest
Y(4S8)

Y(18) Y(28) Y(3S) Q q

| o Contr ot Mar Boargy @ Continuum : hadronized particles are
high-momentum and jet-like

T ]

SRR
significance
o - N W Lo a1 (=] ~ © ©

N
\\

//
S S
S L

expected statistical

o
O ETTS

7
/lr lr/ i/

01 02 03 04 05 06 07 08

1 l 1 1 1 l 1 1 1 l 1 1 l 1 1 1 l
0.2 0.4 0.6 0.8 1

LR cut value

Event shape LR value
Removes 91% of the continuum while retaining 76% of the signal.
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Continuum backgrounds in B— @Ky

® Dominant background : ete-—qq events
are separated using a likelihood derived
from event shape variables and the B
flight direction

* Event topology

Signal : spherical as B mesons are

almost at rest
(jet-structure)

Continuum : hadronized particles are
high-momentum and jet-like

]

RIS
significance
o - N W Lo a1 (=] ~ © ©

R

EEEEEEEEEEEEEEEER
\

AN

7 IS ISP II IS
T

expected statistical

Z
v VAN

01 02 03 04 05 06 07 08 09 1

Event shape LR value

oo

1 l 1 1 1 l 1 1 1 l 1 1 l 1 1 1 l
0.2 0.4 0.6 0.8 1

LR cut value

Removes 91% of the continuum while retaining 76% of the signal.
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Backgrounds from b—c¢ decays BY—@Ksy

phik_mass
Entries 395
n " F Mean 2.425
o = . RMS 0.559
CAREA = 85+ 3.7 -

F BGarea= 67.5+ 8.5
F EFACT =-15.000

y
(=)

a0 =-1.3298 + 0.06
al = 0.498 = 0.076
dearea= 112+ 10

—y
H»
[

~

-
N

[

Events /(0.012 GeV)
>

Events / ( 0.0025 GeV/c?)
(3

IS
LI} LELIL

Bhn ~ ahnne ) ¥ 521 522 523 524 %25 526 527 528 b 4
A E (GeV) M, (GeV/c?) ¢ K Mass (GeV/c?)

.
8

CAREA = 1.5= 2.4

b—c Backgrounds (D70, D%n) peak at My (4% of the _
rBGarea= 645=-83
F EFACT = -15.000 After Veto

signal yield)

-4

DY decays to @K => also peak at D mass in @K invariant
mass.

%
>
@
o
w
o
8
S
-
a8
&
>
w

w
WA R R |

w
M|

Remove those by veto on ¢Ks mass [1.842< M(pKs)
<1.878 GeV] (2% efficiency loss)

> 528 s 8 3

(5 times data) Rkl
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Backgrounds from rare B decays

| | Toul BG
B*»X_(K'K'K"
EZ] B —»Xay

B* - ¢ K (892)*
[]B ek

D B* - #K*yn
P28 =X, v

Dominant background : B — K*K-Ksy

Others : pK*,pK79, ¢Kn also peak at My, but
separated in AE

Nonresonant K*K-Ksy is determined to be

13% of the signal using the ¢ mass sideband
in data [1.05-1.3 GeV]

|| Toal BG
[7]B* — X, &K KKy
EEHER S

B* — o K'(892)*
[]B*—eK
[]B* —»eK'y

- (E* K K*)1

* oK' (8927

*+50EK*=x*

‘ FIritt it !
D 0 Lo O o s qr A

& mass (GeV/c®)

Fermilab, October 18, 2011 Himansu Sahoo - University of Hawaii

Slide 24




Signal in charged mode

B+ _}(PK-I_Y

W=y 7720 M BE

BELLE

Unbinned maximum-likelihood fit to the 2D AE-My. fit region

|AE|< 0.3 GeV && (5.2 GeV/c2 < My.)

W A W
o o O

[\
S

/N
>
D)
@
N
<
-
A
~~
W
>
<
QO
>
aa

[E—
)

1 ©
—
[9'Y)

-02 -0.1 O 0.1

A E (GeV)

Data

Signal

Total BG

qq BG

b-c¢ BG
Nonres+Charmless

0.2

A U QD
o o O

D W
S O

Events / ( 0.0025 GeV/c?)

[Em—
o O

0.3 522 524 5.26

M, (GeV/c?)

528 53

144117 Events

Significance : 9.60

Efficiency : (15.3%0.1) %
Y ( \/_2 hl(EO/Ema.\')

Signal shape 1s fixed using

kinematically similar mode,
B2 K*(—=K+n)y

Fermilab, October 18, 2011
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Signal 1in neutral mode

W=y 7720 M BE

BELLE

.
Ve (‘\lo
> =
o (]
O 6]
o\
o Q
S S
< .
— <
= >
) =
ki :
M

0 0 - ‘
-0.3 -0.2 -0.1 0 0.1 02 0.3 . 522 524 526 5.28
A E (GeV) M, (GeV/c?)

3718 Events Significance : 5.40 Data

Efficiency : (10.0+0.1) % Signal

Total BG

qq BG

b-c¢ BG
Nonres+Charmless

The neutral mode now has enough statistics
for a time-dependent CPV study
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Branching Fraction

lﬁ) L ";\‘Sig
' e Xx N.— x’B. N E (product of daughter
BB " sec! branching fractions)

BB oK 'y) = (2.48+0.30+0.24) x 10-¢  Significance : 9.6C
B(B—pK%) = (2.74+0.60+0.32) x 10-6  Significance : 5.40

First observation

of the neutral mode
® FEach fixed fitting parameter is varied by its

+ 1 O error Uncertainties( %)

Systematic error sources

Bt = ¢K*v | BY - ¢K %y
Largest contribution from non-resonant yield Signal PDF shape 02 02

(8 %) Generic PDF shape 0.2 0.4

Rare PDF shape 0.5 1.0

® Adding all other sources : total systematics o yied v o

Rare yield 0.7 1.6

9.5% (11.7%) for charged (neutral) mode. Fudge factor 1.3 11

Non-resonant yield 8.0

Fit bias 0.2

Total 8.19
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M(@K) distributions

500

Background-subtracted and efficiency-corrected N§ 400 |
M(¢K) distributions :

Yield in each bin of @K mass is from AE-Mp.
2D-fit

Nearly 72% events are concentrated in the low

mass region (1.5-2.0 GeV/c2?) M(9 K) (GeV/c?)
® Data

Re-weighted efficiency is used for branching ® Phase-space from MC
fraction measurement.

B oKy
(K mass spectrum is different
from 3-body phase-space

Is this due to a resonance in oK mass
or something else?

M(¢ K) (GeV/c?)
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Any resonance??

® [f the peak is due to a Resonance around 1.8 GeV...

s/ Decay to @K should have large BF

\/ Two resonances (charged, neutral), could be
1sospin doublet

® Helicity : cosine of the angle between photon and K+
from the resonance in the rest frame of the resonance

We have checked for the Monte Carlo models : (in the rest frame of resonance)

Non-resonant B+—¢pK+*y (NR)

Axial Vector (1*) : I=0 (S-wave)
Axial Vector (1%) : (D-wave)
Axial Tensor (2%)
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Helicity study

B — ¢ Ky (NR) | Vector (1') S-wave | [ Vector (1) D-wave |

35 35 35

ok y2/ndf = 4.1/8 o y2/ndf = 3.8/8 4 y2/ndf = 5.1/8

5[ 25| 5k

20f zof
15f I::IZ

10f-

SE

of

L T T T ) N S KRR RN RN R AU EPRTIT B

o5 -5 - - oy - ' . o -1 08 -06 -04  -0. 0 . . I [:f it
Helicity Ualicity elicity

Vector (1+) S-wave Vector (1+) D-wave

| Tensor (2') D-wave |
Models from MC after reconstruction
, * y2/ndf = 10.8/8
background-subtracted data points

20|

15|

10}

SE

of

No clear evidence for the existence of a N
kaonic resonance decaying to oK. I T ey
Tensor (2+) D-wave

_5-7\\\\\\\\\\\\\\\\\\\\\\\\
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Form Factor effects 1in the mass spectrum

Hsiang-nan Li
PRD 70, 054006 (2004) [hep-ph/0404097]

e Two-meson distribution amplitude in a three-body decay
(neglecting the resonant contribution).

e The peak at threshold can be explained by form factor
effects.

e The spectra i1s in qualitative agreement with expectation
from pQCD model for non-resonant decays.

w

N
W

o
L LI

~
l[llll LI |

dBr(B— ¢ K y¥dM , (10° GeV')
~
W

=
W
LT

>
~

Mox( GeV)

B+%¢K+Y

. o%4,

.83

#@9

225 3354
M(¢ K) (GeV/c?)
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Form Factor effects 1in the mass spectrum

Hsiang-nan Li :
PRD 70, 054006 (2004) [hep-ph/0404097] Bf*— ¢ K*y

e Two-meson distribution amplitude in a three-body decay S S S 2w f

(neglecting the resonant contribution). f ceo0000 0,
: ¢.¢”+o

e The peak at threshold can be explained by form factor ]
effects.  M@K) GeVic)

e The spectra i1s in qualitative agreement with expectation
from pQCD model for non-resonant decays.

w

Including kaon mass

N
W

o
L LI

~
\J L B B LI |

dBr(B— ¢ K y¥dM , (10° GeV')
~
W

=
W
LI L T TT

2.5 3
:‘loK(GC\ )

>
~
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TCPV 1n b—sy modes

0 0 PRD 74, 1111(R) (2006)
B — Kgm'y 535 M BB

N W e 00 N ®©
0O 0 0O 0O 0O O O
T T T T T

Events/(2.5 ps)
Events/(2.5ps)

Vertex is from Ks - 77 - (Ks must decay inside
10
A NN AT

silicon detector) O THs L mEh I
At (ps At (ps

7

Skgmoy = —0.10 £0.31 £ 0.07
Agc om0, = —0.20 + 0.20 £ 0.06

-

Soasf
@

-0.25[
w -0.5F

2-0.75F
@ 4L
o

75 525 0 25 5§ 75

) 0 PRL 101, 251601 (2008)
BY — Kgp“v 657 M BB

Events/2ps

Vertex is from p'-m+7m - (no Ks vertex is needed)

Skgpoy = 0.11 4 0.337905
Ak 0~ = 0.05 +0.18 4 0.06

Events/2ps

Events/2ps

Consistent with the SM expectation
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Checks for B lifetime 1n Data

TCPV to the events in the AE-My. signal box => (—0.2<AE< 0.1 GeV) && (5.27 GeV/c? < M.)
Vertex is from @ - K*K- (no Ks vertex is needed)
B+—pK+y B0— Ky

—— total pdf F —— total pdf

:_ BG (630/0) .... background BG (550/0) background
= SIG (37%) SIG (45%) |/ .

—_
(7))
o
<
S
E
]
c
(]
>
11]

-
(=)
TTT T[T T T T TTTT

=)
L

Non-resonant K*K- Ky has same new physics as signal B— @Ky =>
treated as signal for the TCPV study [A. Soni]

T(B*) =1.70£0.20 (stat) ps T(B) =2.09+0.45 (stat) ps
T(B) = 1.64+0.01 ps (PDG) T(B) =1.530.01 ps (PDG)

Consistent with the PDG charged and neutral B lifetimes
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CP fit in charged mode (Data)

Fit to 160 signal events in the AE-My, signal box

SM expectation for S = 0 for a charged B mode & *°

1
=
(=)

Events/(

S =0.25%0.33 (stat)
A= 0.18%0.26 (stat)

Consistent with no CP asymmetry

Raw Asymmetry

0000 o000
1 OO BEBNONPA,OOO®

1
—t
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Charge Asymmetry in Data

Decay rate asymmetry between B+

and B- decays to @Ky final state

N(B-) =74+13
N(B*) = 79+13

—_
>
]
O]
o
Q
o
g
[7)
2
f=
[
>
w

Events / ( 0.0025 GeV/c?)

simultaneous fit to both
B* and B~ data samples

.2 521 522 523 524 525 526 527 528 5. .3
A E (GeV) M, (GeV/c?)

N(B+—=¢pK+y) Acp

74+13 79+13 —0.03+£0.11+0.08
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BY%— pKsy CP fit in Data

First TCPV measurement in neutral mode with 35 signal events.

_gf"'11 BO tag

BO tag

)

Sooo

Raw Asymmetry

Bt=d

Events / (1 ps)

1
o0

—_ 00 AN B DNOND BN —
-||||||||||||||||||||||||||||||||||||||
: |

1 | |
: |

¢

Good tagged events (r>0.5)
48% of total events SM Prediction

S = 0.74*3:32 (stat)
A= 0.35%0.45 (stat)

(The stat errors are from data fit)

The error on S 1s from data fit is much smaller than the expectation
from MC simulation and has a probability of only 0.6%.
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Statistics Issues for B0— pKsy

® The low probability is due to small statistics and a
special signal event (Good-tagged event, r~0.96)

o We use the +68% CL’s from the residual

distributions of the toy pesudo-experiments as
statistical errors.

e This approach is similar to Belle’s early BO—=t+n-
TCPV measurements [PRD 68, 012001 (2003)]

-
o
(=3
o

Events/(0.2)
(-]
3

Events /(0.125)

B (=]
o (=3
o o

N
[=]
o

fitS-genS
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Systematic Errors

— Largest contribution : Fit bias (+0.22

Parameter AS ko, KO~
Vertexing 0.08 0.04 for 5 and -0.21 for A)

ResolutionFunction 0.02 0.03 This is due to small statistics (3 5
WrongTagkraction 0.01 0.01 i ,
PhysicsParameter 0.05 0.03 Slgnal events) and the hlgh central

PDFShape 0.01 0.01 value.
SignalFraction 0.03 0.07
BackgroundDTShape 0.01 0.02 MC simulations show that this bias

FitBias 0.00/-0.22 +0.21/0.00 significantly reduces as in statistics
TSI 0.00 0.03

Total 0.10/—0.24  0.23/0.10 increase(with twice the signal it
reduces to 0.04). it oovsenss
0.3

po 0.02125 £ 0.0003284
p1 0.2375  0.0005193

_ +0.72 +0.10 j:
S =0.747145 204 "

C=-A= -0.350.58 *0-10

of

Results are published in Physical Review D.

H. Sahoo et al., PRD 84, 071101 (2011)

S (inpub)
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HFAG Average of b—sy measurements

b—>sy Sy HEAS, b—>s7 Cep HEAS

PRELIMINARY PRELIMINARY

BaBar : -0.03 = 0.29 = 0.03 —BaBar T 014:016=003
ERIEI) 78 (2008) iy 5 S Coss PRD 78 (2008) 071102 T ST
-« -0.32*9% 4 0.05 Belle ¥ 0.20 = 0.24 = 0.05

ZRD 74 (2006 )TTTTE | PRD 74 (2006) 111104 Sk :
verage = ¢ -0.16 £ 0.22 ; -0.04 + 0.1
HFAG %drrelated avy : : fiverage : 004=0. M

BaBar @ - -017 0.26 = 0.03 019+014 + 003
PRD 78 (2008) 0711 i PRD78{2008) 071102 e

Belle o -0.1;0 = 0.31=0.07 Belle < 0.20 = 0.20 = 0.05
PRD 74 (2006) 1117 Rl : PRD 74 {2006) 111104(R) | H—*— :
Average i ; -0.15+ 0.20 Average L -0.07 + 0.12
HFAG Correlated avgrage 1] HFAG Correlated average 1 E
BaBar L | o 187045 £ 0.12 BaBar - 032708 £ 0.07
PRD 79 (2009 i : PRD 79 {2009) 1 :
Average L . 018049 Average = E 0.32=0.40

. ‘ : HFAG correlate ‘

Belle 1. = b'i'i';'b'éé‘ggg" Belle : xS -0.05=0.18 = oos
PRL 101 (2008) 25160 % , PRL 101; (2008) 251601

Average P ' 0.11:0.34 Avera -0.05 = 019
HFAG %drrelated averdge : ” ‘ E HFAG %grrelated average aF

' : '7'4 F0.72 ¥0fi0°° B'e'“'e".'
arX||v 11045590 T *— 074 106 "o arXiv:1104: :
Average : . . 0.74:090 Averageé f : | 10.35 = 0.60
HFAG %erelated average ; * 2 . HFAG cerrelajt_dT'_e average E ) . . . :

-8 -16 -14 -12 A1 -08 -06 -04 -0.2 0 02 04 06 08 1

"""" -0.35 = 0.58 70 28

-1 1

Only weak constraints on RH current with the present statistics.

We have established a new mode for future
high-luminosity e*e- and hadronic facilities
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Summary

M Most precise measurement of sin2¢; in B—(cc)KO decays using Belle’s full data
sample (772 M BB).
S = +0.668+0.023+0.013 A= +0.007%£0.016%0.013

4 First observation of BO—= @Ksy signal with 5.4 significance using Belle’s full data
sample (772 M BB).

B(B—¢K') = (2.7420.60+0.32) x 10+ B(B">¢K'y) = (2.48£0.3020.24) x 10-°

4 First measurements of time-dependent CP violation parameters in BO—= @Ksy

S = +0.7410.72 +010 A= +0.35+0.58 +0.23
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BACK UP
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A fundamental cosmological question?

Why the universe 1s now matter dominated (what happened to all
i ?
anti-matters)' ng/ny ~ 10-10

plasma ot radiation.
hydrogen and
S helium nuclei Fusion
‘ ‘ plus electrons mnonnal;
EINAES | : “le ' . : . protons, matter is
Era of v T . - 5 neutrons 75%
Nucleosynthesis : ) SGS - B electrons, hydrogen,
: Y : - Q) neutrinos

: Matter
A (antimatter rare) annihilates

elementary antimatter.

particles
(antimatter common) Eléctromagnetic and

.V, ~ \ e 3 - & ! > ' N b
10710 seconds RS e Ce A, T e, 5 weak forces become
: " - o e . * elementary distinct.
particles Strong force becomes
distinct, perhaps causing
inflation of universe

0.001 seconds

GUT Era elementary
particles

Planck Era 2?777?

10743 seconds

proton — neutrino — antineutron — v, “ 8

neutron — electron —_ i & P
:. pkrisy antielectrons égi qUArks —==~gp’

Implies 1010 matter-antimatter asymmetry at 0.001s after the big bang
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CP symmetry

One of the conditions required to explain this process -
properties of particles and anti-particles must be different
(Violation of CP symmetry)

’ . ———
——

W\ A. D. Sakharov, 1967
(photo circa 1943) ’

® (P violation : Laws of nature are not invariant under
simultaneous operation of charge conjugation (C) and parity (P).

*
-
-
-
*
*
*
-
-
-
*
*

Charge conjugation (C) : transforms a particle into its anti-
particle

Parity transformation (P) : mirror reflection (space inversion) —

4400440004

r—--nr
PP
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Is CP a good symmetry of nature?

® Strong and electromagnetic interactions conserve parity.
® Parity 1s maximally violated in weak interaction. [C. S. Wu et al, 1956]

® [s the combined operation of C and P (i.e. CP) a good symmetry?

Dominant decay modes for neutral kaons:
K >nn CP=+1

K > nnn® P=-1

In 1964, Christenson et al. observed:

CP=-1  CP=+1 CP symmetry is violated at a tiny in the
B(K, >n'n ) =(2.0+£0.4)x107 decays of neutral kaons.
L . —_ o

Is this the origin of the asymmetry?

Fermilab, October 18, 2011 Himansu Sahoo - University of Hawaii Slide 45



Fit Validation

Consistency of the fitter i1s checked using ensemble tests (10,000 statistically
independent samples).

[ A RooPlot of "signal

yield" |

Hfit rexp
Nfit _ N

Pull = - :

[ A RooPlot of "error on yield" |

2)

(

ool Mean = 174.914 0.

[Entries = 10000

Events /
-y
[=]
o

100

¢

\

)
)

!h 'd! !!0 140 160 1

Fermilab, October 18, 2011

80 200 220 !m

O.iflt

(=1
=]

[Mean = 18.2265

[ A RooPlot of "signal yield pull" |

FEntries = 10000|
[Entries = 10000 :

~Events/(0.08)

- pull

signal yield error on yield

No significant bias is found...

events = 10000 + 100
+ mean = -0.0189 + 0J010
sigma = 1.0016 + 0,0071

signal yield pull
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Signal in charged mode B*— oKty

Unbinned maximum-likelihood fit to the 2D AE-My, fit region.
|AE|< 0.3 GeV && (5.2 GeV/c2 < My.)

D
)

)l

-
)l
S

N
(@)

N

O

(U8]
S

\®)

S
\®)
S

[E—
)

B ~
VammN - (q\]
> - =2
> - >
- (D]
O : O
@\ [ )
=) : I
S 30F S
 — -
~ ' <
Z g
/5]
Q =
> )
H )
0

[Em—
o O

-0.3 -02 01 O 0.1 02 03 5.2 5.2 526 5.28
A E (GeV) M, (GeV/c?)

N
b

PDF AE Mbe 144117 Events

Signal Crystal Ball Gauss

Continuum | 1st Polynomial Argus

Signal shape 1s fixed using

kinematically similar mode,
Rare Gauss+Gauss Gauss B K*(=K*m)y

b—c 2nd polynomial Argus

non-resonant Crystal Ball Gauss
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Efficiency calibration

[ MC Efficiency

17
efficiency (&;) = (Events reconstructed)/(Events 16.5

generated) 16
155

15

-t
E =

_Siaxh

€avg — \

Efficiency (%)
rs
o
lIllllllllllllIllllIIlIIIllllllllllllllllllllllll

s e . 4.0 ...0.......1...1...
1.2 1.4 16 1.8 2 22 24 26 28 3
M (6 K) (GeV/cH

—

20% relative change across the

MC efficiency is re-weighted according to
spectrum

this M(¢K) dependence in data and are
used in branching fraction measurement.

Efficiency : (15.3+0.1) % for charged and (10.0+0.1)% neutral mode
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Analysis Method

Event reconstruction

Background rejection three types
continuum,b->c,rare

Fitting strategy
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Signal Extraction

® B candidates are selected using AE and M.

AE = E — E Mye = v/ (Efeam)? — (05)?

beam

e 2D fitting method to AE-My. (unbinned extended
maximum likelihood) fit region :

(0.3 GeV<AE<0.3 GeV) && (5.2 GeV/c? < Mpc<5.29 GeV/c?)

wmention the selection
criteria for phi,
K_S.gamma

put PE Mbe plot here

and show 20 fit region
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Branching Fraction
B+—>(pK+'y

(o))
=]

Data
Signal
Total BG
qq BG

N W B W
oS O O O
TT]TL UL

Events / ( 0.0025 GeV/c?)

Events / ( 0.0025 GeV/c?)

—_
S O

52 522 524 526 528 53 . 522 5.24 5.262 5.28
M,, (GeV/c?) M,, (GeV/c?)

Nig=144+17 events Niig=37+8 events Signal Extraction : AE-Me. 2D fit

eff = (15.30.1)% eff = (10.020.1)% Non-resonant K'K"KY  1s
obtained from ¢ mass sideband
in data (13% of signal)

BB*—=¢pK"y) = (2.48+0.30+0.24) x 106 [(9.60 )

B(B'~¢K0) = (2.74+0.60+0.32) x 106 |(5.40 ) First observation
in neutral mode

Charged Asymmetry

N(B- — ¢K—v) — N(B+ — ¢K+~

. ) (=
hep = Qi R M ) = (—0.0320.110.08)

(consistent with no CP asymmetry)
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M(@K) mass distribution

Background-subtracted and efficiency-corrected M(¢K)
mass distributions

Yield in each bin of M(¢@K) mass is from AE-My. 2D-fit

Nearly 72% events are concentrated in the low mass

2
region (1.5-2.0 GeV/c?) M(¢ K) (GeV/c?)

* Data
No clear evidence 1s found for the existence of a kaonic  Phase-space from MC

resonance decaying to K.

The spectra are in qualitative agreement with
expectation from pQCD model for non-resonant decays
(the peak at threshold can be explained by form factor
effects).

Events / (0.

C.H.Chen and H.-n.Li, PRD 70, 054006 (2004)
[hep-ph/0404097] " M@ K) (GeVie)
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TCPV in B'=pKsy

First TCPV measurement in neutral mode with 35 signal events.

(vertexing from ¢ —K+*K- tracks, Ks vertexing is not required)

Nonresonant K*K-K?Y is included in the signal for TCPV study

$ 772M BB
arXiv:1104.5590

BELLE

submitted to PRL
b—sy S.p @

PRELIMINARY
Y -0.08 £ 0.29 = 0.03
o} H

[ Ne e N

Raw Asymmetry

L, O00S o0o¢«
I»—tOOO\-P[\)ON-PO\OO»—k

—_~
7]
(=¥

—

N’

~
7]

-
=
0]
>
/M

BaBar :
PRD 78 (:2008) 0711 :
-0.32%0%8 £0.05

Belle =
PRD 74 (2006)"TTT

Averag
HFAG

S = 0.740.72 (stat) 1019 (syst) w8 a7 o

-0.10 = 0.31 + 0.

A= 0.35+0.58 (stat) 7% (syst) 7 B9 oo

o 01873 012

-0.18 £ 0.49

=> We have established a new mode for future high- A el &
T T T Belle LT T A Y
ICHEP 2010 preliminary— *— 10p -0p4

luminosity e*e- and hadronic facilities A T8

verage : i
HFAG %oﬁrrelated average * :

1
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Summary

Many new results from Belle on CP violation with full data sample.

Most precise measurement of sin2¢; in B—(cc)K? decays
sin2¢1 = 0.668+0.023+0.013, A = 0.007+0.016+0.013

TCPV in B—=D*D- decays (NEW!)
S = —1.06+0.21+0.07, A = +0.43+0.17+0.04

TCPV 1in B2 D**D*- decays (NEW!)
S = —0.79+0.13x0.03, A = +0.15+0.080.02

CPT Violation (NEW!)
Re(z) = (+1.9+3.7+3.2) x 10-2, Im(z) = (—5.7+3.326.0) x 10-3, AT/T'a = (—1.7£1.821.1) x 10-2

First TCPV in radiative BY— pKsy decays
S =0.74972:929 A = 0.3510.58"023
(submitted to PRL)
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Theoretical Prediction

e Two-meson distribution amplitude in a three-body decay (neglecting the resonant
contribution).

e Predicted B— @Ky decay spectrum exhibits maximum at @K invariant mass
around 1.3 GeV.

Hsiang-nan Li
PRD 70, 054006 (2004) [hep-ph/0404097]

Mass-less kaon
assumption

w
LB

Including kaon mass

2.5

o~
L7 (%Y
T T T

~
T

-
-
&
<
x©Z
<
-—
-
=
=
-
N
=
:l-:
).
X
~—
~

=
[

~ ) - — T T T T L B T
o

1 | I T

S

:"loK(GC\«’ )

B— @Ky decay spectrum in the ¢K invariant mass
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Other ways to measure sin2@;

Charmonium
“Tree-dominated”

BO— I/ Ks, 'K
BO_’XCI K, ncKs
BO—J/p Ki, I K*(—Ksm9)

Open charm or Charmonium
Tree-dominance, Loop may
contribute

BO— J/ 0
BO—D® +D®~, D+D-

Charmless, b—s loop decays
“penguin-dominance”

Bo— pKs, K+K-Ks, Ks KsKs
BY—=Ksn?, n’Ks, wKs, foKs
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Theoretical Prediction

e [t may also possible that this 1s not a resonance.

Two-meson distribution amplitude in a three-body decay (neglecting the resonant
contribution).

Predicted B— @Ky decay spectrum exhibits maximum at @K invariant mass

around 1.3 GeV. Hsiang-nan Li
PRD 70, 054006 (2004 ) [hep-ph/0404097]
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B-Xy

B is pesudo-scalar and gamma is transversely polarized.
X can’'t be spin 0. X has m j = #1

X—=pK

phiK system has spin S=1, m s = 0, #1
Since X has m j = %1, allowed values of m / for phiK system =

allowed values of relative orbital angular momentum for the phiK system:
If X is spin 1 : I values = 0, 1, 2 (6 different states are possible)
If X is spin 2 : [ values =1, 2, 3 (8 different states are possible)

Strong decay : Parity is conserved JP = 1- 0- (-1)/

Polar Vector (1-) : I=1 (P-wave)
Axial Vector (1%) I=0 (S-wave), 1=2 (D-wave)
Polar Tensor (2-) : I=1 (P-wave), 1=3 (F-wave)
Axial Tensor (2%) I=2 (D-wave)

Angular distribution will
be proportional to |Y/"m /|2

EvtGen models : PHSP for B+—¢K+y (NR), VVS PWAVE for Vector, TVS PWAVE for Tensor

ERROR : 1- and 2- models aren’t yet implemented in EvtGen!!
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