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Experiments Contributing to ¢, Determination
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CKM Matrix and Unitary Triangle

> Charged-current interaction Lagrangian:

£int,qW = — % [(UL ";"# VD L) ”7: an (EL ’}"'MVT(/'TL) U;L_ :|

» CKM matrix and unitary triangle:
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CKM Parameters and ¢,

Recent Result by CKMfitter
Full Frequentist Method

Y
_ °+10°
¢3 - 68 _110

Recent Result by UTfit
Bayesian Method

b, =74°+11°

> Precision on @, has been improved in recent years (20°>10°).

> Good agreement with measurements of other CKM parameters.



Definition and Golden Mode for ¢,

> Definition: Only large complex element.
v fie L. Wolfenstein,
by = arg ( ud ub*) ~ —arg(Vl,)  PRLSL 1945(1983)
—VeaV

> Golden mode: B->DK

Tree processes
¢3 - _arg(vub)

* Color suppressed. * Color allowed.
* Final state contains D. * Final state contains D.



Method of ¢; Measurement

> Exploit the interference between_ 4 D N\
the decay chains through D and D. B> DK DO>f
— Angle @, (as well as strong phases) . K
appears in the decay rates. ] ,
B> DK DO>f

If no interference, angle disappears.

Decay rate o< |A((D) + A(D) |2
\_ J

> Several choices of the D decays:
— D—2>KK, rurt, K, K, Ksw, ... (Gronau, London, and Wyler)
— D=2>Km, Knrt, ... (Atwood, Dunietz, and Soni)
— D2>Knm, KKK, ... (Bondar, Giri, Grossman, Soffer, and Zupan)



% --- D(*) K(*) GLW + ADS WA
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» Current constraint on ¢, mainly obtained by GGSZ
while additional improvement is provided by GLW and ADS.



GLW: Amplitude Triangles and Observables

> Amplitude triangles:

\/§A(B+ — DC‘P_+_K'+) . DOI\’+)
B~ — D'K")

_____________________________ DN Magnitude of one side

--------
-———

_____________________ is ~0.1 of the others
“““““““““““““““ while relative magnitude of
the others help ¢, constraint.

> Usually-measured observables:
B(B_ — Dopi[{_) + B(B+ — Dcp:i:[{_*_)

R - _
o B(B~ — D°K-) + B(B+ — DOK+) R
) i | ~ |A(B~ — D°K")
= 1+ rgz £ 2rgcosop cos @s, rg = A(B- = DK )
A _ B(B_ — Dopifir_) — B(B+ — Dopi[ir+)
CP+ = B(B- = DepeK ) + B(BT — Dopakt) op: strong phase

— ZEQ'T’B sin 53 sin @S/RCPi:



Events / ( 0.008 GeV )

-

GLW by Belle [ 2‘”71755';?”3”]

CP+ (K*K~, t*rt): 582 + 40 events CP- (Kmt®, Kn): 476 £ 37 events
00 ~100 - -
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A E (GeV) A E (GeV) A E (GeV) A E (GeV)
Red: signal Rep, =1.03£0.07+0.03
Magenta: B>Drnt R, =1.13+£0.09+0.05
Green: BB BG

Blue: qq BG (g=u, d, s, c)
Light blue: peaking BG

Acp, =+0.29+0.06+0.02
A, =-0.12+0.06+0.01

Systematics dominated by peaking BG.

Significant CP asymmetry for CP+ mode.

Opposite asymmetry btw CP+ and CP-. .



GLW by LHCb [ Fr=2eiipeimnen.

> Result obtained by using data taken in 2010.

B> (KK) K- B*>(KK),K*
é‘ ol ~ LHCD Preliminary ,.g ol ~ LHCb Preliminary
- 15 =
3 10 >
Qbbb A N e g e
m(B) (MeV/c")
Yields Repy = 148 +£0.31(stat.) £ 0.12(syst.)
D' K'K~  Agpy = 0.07£0.18(stat.) £0.07(syst.)
B~ — DK~ 44
BT - DK™ 40 Signal clearly seen. Promising result

for obtaining nice R,,/A», at higher statistics. .



GLW up to 2010

BaBar, 467M BB, PRD82, 072004 (2010)
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Acp+ = 0.25 £ 0.06(stat) = 0.02(syst)
Acp— = —0.09 £ 0.07(stat) = 0.02(syst)

Opposite asymmetry btw CP+ and CP-.
Consistent with the results of Belle.

CDF, 1 fb't, PRD81, 031105(R) (2010)
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Acpy = 0.39 £ 0.17(stat)

Good agreement with other measurements.
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Summary for GLW

LP 2011
PRELIMINARY

Rp Averages

LP 2011
PRELIMINARY

A p Averages

BaBar i 1.18+0.09 + 0.05 BaBar =~ i e = 0.25+0.06+0.02

5 Belle e 1.03+0.07 + 0.03 ol Belle 0.29 + 0.06 + 0.02

< CDF 1.30+0.24 +0.12 < CDF T 0.39+0.17 +0.04
& LHGDb 1.48+0.31+0.12 S L;HCb ’ 0.07 +0.18 + 0.07
Average 5 1.11+0.06 Average 0.27 +0.04
0:%BaBar """"""" ﬂa« S ©1.07+0.08+004| | %BaBar """"""""""""" : -(-)'.E)-S-Bi-(Z!;.O?i0.0.?
x Belle I 1.13+0.09 + 0.05 x Belle e -0.12 + 0.06 + 0.01

S Average i 1.10 0.07 S Average e -d.11+0.05

0 1 2 3 1 -08 06 04 -02 0 02 04 06 08 1 12 14

> All results for B>D K obtained in 2010-2011.
> Good agreement in measurements by different experiments.

> CP violation clearly established for CP+ (¢, information).
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ADS: Amplitude Triangles and Observables

> Amplitude triangles:

Magnitudes of the sides are small
relatively to the GLW ones (small signal)
while three sides of the triangles

have similar magnitudes (large CPV). AB* — [flpK™)

Larger contribution from continuum BG.

> Usually-measured observables:

R _ B(B_ — [f]DK_) + B(B+ — [f]DKﬂ Additional parameters:
"7 B(B~ = [flpK) + B(BT — [fIpK*) A(D® = f)
— 7’% + 7’% + 2rgrp cos (6 + dp) cos O3, 'D = 'A(DO — /) ‘
_ B(B~ = [flpK™) = B(BT — [f]pKT) C ke
Aaps = BB~ = [flpk-) + BB = [[lpk*) op: strong phase

= 2rgrpsin(dg + dp)sin @3/ Raps. Inputs from charm factories.
13



ADS by Belle [ "0 )

> First ev?den.ce Is reported by 20 o continuum
Belle with significance of 4.1c. g6} 3 a0 } Signal
> Improved continuum suppression % 1ok _'
with NeuroBayes neural network.  § 2k :
m F
20 T
2| |
> Observables: U s
! T~
Raps = [1.63154] (stat) F0 V7 (syst)] X 1072 1 [K*n7]pK~ :
2
Aaps = —0.397038(stat) F203 (syst) g
> !ndlcatlop of important e e r
information for ¢, measurement: A (GeY)

R,ps and A, varies in [0.2, 2.5] x 102 and [-0.9, 0.9], respectively,

depending on ¢; and strong phases (assuming rg = 0.1). ”



Events / ( 20 MeV/c?)

Events / ( 6.5 MeV/c? )

257
204
150 |
10

ADS by LHCb [EPS ZO;IBPrpe;_i;ninary,

> LHCb also obtain evidence of ADS signal:

LHCb Preliminary
343 pb

4.00 significance

AVCITRI ST

100 5200 5300 5400 5500 5600 5700
m(B) (MeV/c?)

B'—>(J1:K)DK', DLLK> 4

LHCDb Preliminary

Raps = (1.66+0.394+0.24) x 10~
Asps = —0.394+0.17+0.02

Good agreement with the results of Belle.
B*—(nK) K", DLL >4

LHCDb Preliminary
15 343 pb’!

Events / ( 6.5 MeV/c? )
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ADS by CDF

Accepted by PRD(RC)

in 2011, 7 fb!

> CDF also obtain evidence of ADS signal (3.20):

S
[e)
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w
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N
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—}— Data
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| V7B -D-Kn)r

NN B = D(—= K'n) K"
Physics background
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B*->D(— K n*)h*

—}— Data

Total

B*— D(— K n*) n*

B*— D(— K n*)K*
Physics background

--—---- Combinatorial background

||+'+|'||+|_r||

[ | 1 I.
5.4 5.5 5.6
Kn*n* mass [GeV/c?]

Raps = (2.20 £ 0.86 4 0.26) x 102
Aaps = —0.82 4 0.44 4 0.09

Good agreement with other measurements.
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AD5 DK by Belle CP 2011 preliminary,

» Continuum suppression with: :z KEnF] p o KF |
NB — (—0.6)
NB' = 2 z
1.0 — NB P 2

> Signal seen with 3.50
significance for D*->Dy mode.

AE (GeV) ' s AE (GeV)

> Ratio to favored mode: 16 continuum = continuum
14 Signal g Signal
12 * : *
10 D :

Events /1
Events /1

Rpro = [1.0Ig7(stat) T 5 (syst)] x 107 DK/Drt

JON B o®

Rp- = [3.6715(stat) & 0.2(syst)] x 10~2

0 -

> Difference between Ry and R, : indication of the effect of the

interference term 2rg*ry cos (65*+0p) COs ¢ (opposite sign for Ry and Ry, ).
17



ADS DK by Belle [ ]

8 8¢
> Asymmetry: K7 pro K™ A (K pro KT
3 6 3 ©
= = E
Apro = 0.415 1 (stat) 79 (syst) S . I I S i
5 3 t £ 3
SRR
Apy = —0.517553(stat) + 0.08(syst) 1 i b3
-%.1 0 0.1 0.2 0.3 -%.1 0 0.1 0.2 0.3
AE (GeV) AE (GeV)
> Indication of opposite sign
12- o . 12
for Ay and Ay, : g oK o
consistent with expectation. 2 & 2 5
(Opposite strong phase P g &
S 4 g 4
between D*->Dn° and D*->Dy.) @ | 5 IHH Yo
Tt INTT 1ﬂ'T'F"' e
D10 01 02 o3 2.

AE (GeV)

» Combining Rp o, Rpy, Apr, and Ay, : indication of negative cos(0g*+0p)cosd;
and positive sin(d5*+0,)sing;. Consistent with B>DOK GGSZ result.

18



Summary for ADS

LP2011
PRELIMINARY
Raps for DK A,ps for DK

BaBar ' N | " 0.0110+0.0060 + 0.0020 " BaBar ' | 1 o86+0470F
PRD 82i(2010) 072006 ! PRD 82 (2010) 072006 K :
Belle 0.0163 *3 0041 “o007s Belle , -0.39 7035 0 oa
PRL 106 (2011) 231803 S PRL 106 (2011) 231803 ' Fe— .
CDF L Q0221 +0.0086 + 0.0026 CDF . | -0.82+0.44 +0.09
PLHC2011 preliminary h PLHCZO11'preIiminarV ) :
LHCDb! 5 0.0166 + 0.0039 + 0.0024 LHCb i -0.39+0.17 +0.02
EPS 2011 preliminary —H EPS 2011 preliminary e :
Average 0.0160 + 0.0027 Average -0.46+0.13
HFAG HFAG .

-0 0.01 0.02 0.03 0.04 18 -16 -14 -12 -1 08 -06 -04 02 0 02 04 06 08

Signal established. Negative asymmetry. Promising for ¢, determination.

* *
r BaBar : ? 0.0032 + 0.0009 + 0.0008 ¥ BaBar : : 0778 0.35} 0.12
XK PRD 82 (2010) 072006 ;2. PRD 82(2010)b72006 ; e : =N
o | Belle 0.0040 *30009 + 0.0003 . | Belle : _ : I 0.40 f0 +920
5 LP 2011 preliminary S’ LP 2011 preliminary l ‘ '
. | Average 0.0037 + 0.0008 .| Average 5 * 0.72}+ 0.34
0O HFAG 0O HFAG ' i [
" BaBar 0.0027 + 0.0014 + 0.0022 X BaBar e : e 0:36 £ 0.94 0a,
B PRD 82 (2010) 072006 T 5 PRD 82 (2010) 072004 : ;
X : +0.0011 Belle . ‘ -0.51 ¥ + 0.08
| Belle ' : 0.0041 *5'gg10 + 0.0001 | e ey | 515 +0.
Yy LP 2011 preliminary e S'I LP 2011 preliminary : ,'
l A = Average : 5 : -0.43 +0.31
verage : 0.0039 + 0.0010 x ge : :
a HFAG : —*—] e HFAG : * ' :
-0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01 -2 -1 0 1

Signal seen also for B>D*K ADS. Encouraging for improving ¢; measurement.



Additional Update: BO=> DK™ ADS by Belle G;;':AWBQ

> ADS method can be extended to 30
BO—> DK™ by tagging B° from K. 4

20_

Events/ (0.01)
Events /(0.4)

b g T b« g« C=
cD? uD? 10f
B° B° 5
ad g' K*O ad 3 K*O % 01 02 03
> > ' AE (GeV) ) NB’
Both color suppressed. No significant signal for main mode: 7.7*196 ..

40
35
30

» K0 cannot be separated by K*mt-
and effective parameters r¢ and

&¢ are included in ‘ADS fit". % § 125 BB
» Result: ] | m DI o
Roo = (4143838 x102  Srame o e
RDK*O < 0.16 (95% CL) Signal seen for calibration mode: 190*22,..

(NB’: variable for continuum suppression.)



GGSZ, Model-Dependent Approach

» Amplitude of B> DK* process can be expressed by

My = f(m3,m2) + rpeX'®T8 f(m2 m3 )

2 2

mi = My p+ Example:

D> Kt

Amplitude of D->K.h*h- decay

determined from Dalitz plot of large continuum data |
(Flavor is tagged by soft-pion charge in D*>Dnt*, ). & !
Isobar-model assumption with BW for resonances. 0.5

0.5 1 1.5 2 2.5
m3 (GeV?/c?)

» Procedure of analysis:

1.

2.

Fit to m, by M, to obtain x, = rycos(t®,+6;) and y, = rgsin(tP,+6,).
Extract ¢, (as well as rgy and &;) from x, and y,.

21



GGSZ by Belle [ "1™

» Examples of Dalitz plots and confidence contours on x and y:

3 T T T 3 1N T !
T, (a) %% (b)
25k - ..:5;-. h 25 [ . "'"-.-"1.7 1
- e B— : RN B+
~ o - S
< . 4 . ' . w . :.
NQ 2F . T NQ 2r L . I
3 e > RN
o L B S TR
= 15 g = 15 e
£ #0, £ .,
1k X 1k t‘
T PRI M -
o5f RS 05|
05 1 15 2 25 3 05 1 15 2 25 3
m? (GeV?/c?) m? (GeV?/c?)

Dalitz plots for B> DK.

. - - B—>[Dy).K with A5=180"
s 1 B /
0.2 - 0.2 F :’ l
[ j | B'SD K" |
\
; :
[ \

AT @] “[—soonk . O]

_———

» Result on @, obtained by combining DK and D'K:

by = T78.4°

+10.8° |

—11.6° -

- 3.6°(syst) 4+ 8.9°(model)

D decay modeling (isobar model)
22



Dalitz plots for B> DK

GGSZ by BaBar |(*

RL105, 121801 (2010),

4

68M BB

s (GeV¥ch

s, (GeV¥/ch

R R B == = il Y
1 12 14 16 18
s, (GeV/cY

PRETE I NSRS B
12 14 16

 wartil] Y
1.8
s (GeVZ/cY

J/

Contours for x and y

I+

0.2

-0.21-

Fa) B DK >"I'b) B>D'K
0.2~
® 00
-o.2:—
0.2 0 0.2 'x — 02 0 oz

+1

Effective hadronic parameters
for B=>DK™ to take interference
with other B-=>DK ‘.

b3 = (68 £ 14+ 4 + 3)°
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GGSZ, Model-Independent Approach

> Divide the Dalitz plot into several regions
(averaged strong phase of D> K hh obtained without assuming model).

o 9
Nf ; Number of events in it" bin is a function of x,/y,
> 2.5/ + Y+
S
=2 N =hp [Kj:z' + 15K + 2V K K (240 & yisi)}
X
1S where
1 hp : normalization constant
0.5 ) K; : number of events in i*™® bin ¥ (3770)
- D2>Kat'm
C IS by CLEO
0 : 5 3 of flavor tagged D decay /
0_+
m(K') (GeV'/ct) ¢; and s; : cosine and sine of strong phase
Optimal binning: uniform division of D decay avegraged in i*® bin
of the strong phase difference.
(Binning is model-dependent Values of ¢, ry, and &, are extracted from N.*’s
while result model-independent.) (simultaneous equations for c|>3, ry, and &g).

A. Bondar and A. Poluektov, Eur. Phys. J. C 47, 347 (2006); Eur. Phys. J. C 55, 51 (2008). 24



GGSZ Model-Independent by Belle | Voot

> Result of the fit of B*>DK* sample in each bin:

50 xz/ ndf 33.31/15
E Prob 0.004247

Number of events
N(B*)-N(B)

Black: flavor sample

> Result on @, as well as contours on x and y:

> 0.3

¢3 = (77.3717 4 £4.1 £4.3)°

Third error due to ¢, and s; uncertainty. 0.2
i © - 0.3t
Will decrease to 1° or less by BES-III. e e T 565 03

X

25



Summary

> Recent improvement on ¢, (20°>10°) is achieved by
updates on B> D)K) by Belle, BaBar, LHCb, and CDF.

— GLW
 CP asymmetry for CP+ mode established by BaBar and Belle.

— ADS
* Evidence of signal obtained by Belle, CDF, and LHCb.
* Evidence also obtained for D*K by Belle.

— GGSZ
* First model-independent measurement by Belle.

> Promising to obtain a precision of O(1°) in near future.



2 n Belle, PRD84, 021101(R)
1 3 (2011), 657M BB
> Result of partial reconstruction for B=>D** it published by Belle.
(Preliminary result shown in 2008.)

Mixing-induced CP violation to extract 2¢, + @

u d
nt D
d [
b < c . b = u
B° D- B n*
d » d d d
N . —2Rsin(2¢; + ¢; = 6)
J 5T = >
’ (1 +R?)

OF events CP asymmetry

SF events CP asmmetry

ST = +4+0.061 = 0.018 = 0.012,
+0.031 = 0.019 = 0.015,

q
||

I I T I PP IPPITS PP BT PP
-0.2-0.15-0.1-0.05 0 0.05 0.10.15 0.2 -0.2-0.15-0.1-0.05 0 0.05 0.1 0.15 0.2
Az(cm) Az(cm)
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