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CKM Quark Mixing Matrix and the Unitarity Triangle

« Wolfenstein parametrization (expansion in powers of A=0.22) of the unitary CKM matrix:
Vud Vus Vub - )\_2

p A AN (p—in)
VCKM = | Vea Ve Ve | = -\ 1 — % AN? +0O ()\4)
Via Vs Vi AN (1 —p—in) —AN? 1

3 real parameters (A, A, p) + 1 complex phase (n) - irreducible phase causes CP violation

e Unitarity of matrix imposes 6 relations, e.g. ViaViy + VeaVey + VuaVyy = 0,

ub —
which can be representated as triangles in the complex plane.

(p1) G=o —arg( VchSB)

1 VeaVii

c _ _ thv%b

Voa Vi
v = ¢y = arg (—#)

(0,0) (1,0) cd¥eb

Experimental determination of the angles is closely related to measurements of CP asymmetries.
This has been a key objective of the B-factories BaBar and Belle.
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Data collected at the B-factories 2, (S My g — 10550 SV
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Principle of Time-dependent CP Violation Measurements

Z:T(Lg ~C'P

CP side

XL Tagging Side

Az = OveAt,  {(|Az]) = 200 um
* Time-dependent CP asymmetry:
I (B°(At) — fop) —T' (B (At) — fop)

Acp (At) = (B0 (A1) = for) + T (B0 (A) = for) = Sysin (AmAt)+Ay cos (AmAt)
fZQIm()\f) Af:|AJ2F|_1 \ _ qA(fcp)
A2 +1 2]+ 1 " pA(fer)
mixing-induced CPV direct CPV
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Measurement of @ /3

- ®_ can in principle be obtained from decays involving b - ccs, b - ccd, b - cud or b - sqq.

« B°- J/Y KO is the “golden mode” for determination of @ :

. c s
B < B I’ <
(’ E

d > (glKO . - AN cj/w

» ® determination from B° - J/{) K° decays is clean:

> Decay is dominated by only one tree amplitude with real CKM elements,
possible gluonic penguins have same weak phase and are small.

o Mixing vertices V , introduce phase, which leads to )‘J/wKU — gfe—?l?fbl

—» Sjuko = —E€rsin(2¢1) and Aj/pro =0

®_ can be precisely determined from the time-dependent CP asymmetry
Acp, 0 (At) = —&;sin (2¢1) sin (AmAt)
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Measurement of @ /3

. _ " i 5 e
BaBar's last update on full dataset: 5 400 LB tags %
= - = L 4
~ - "B taes 5 .
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i BI= JAyK’ 5 201 % :
; 2000 0% v S 0 LE B . 7]

) B'— y(2S)K . |
> 0 0o E o4r —
~ B'—y K¢ E = =
~ 0 g 02K} ﬁ =
£ 1000 SN NIE
S < 0 )i =
0 2 02F \M =
A - 7
0 04— . . . —]
52 522 524 526 528 E 300 ' 5 ' ]
my (GeV/c?) < - e R taos AN ]
S 200 - £\ ne=+1 -
1000 - = - °B’ lags A\ =
§ Boﬂ J/\IIKg = C e ' !__.'- ,--ZZ////////////I////////// 5 ﬁ-.
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: S0 e 4t
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e, : 02 T 5
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0 : 2 04 L g

0 z(;a M4(;/ 60 80 5 0 5
(MeV) At (ps)
BaBar with 465x10° BB: PRD TS, 072008 (2009)

A =—0.024 + 0.020 (stat) = 0.016 (syst)
sin (2¢1) = 0.687 + 0.028 + 0.012
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Measurement of @ /3

Belle's update on full dataset (preliminary):

~ 0 0 0 0
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2 3000: ngKtX BG, 1% 420236 6420248
g K detected At (ps) At(ps)
1) 2000 | @ J/PX BG
© = combinatorial BG
1000 - Belle with 772x10° BB:
r A = 0.007 £+ 0.016 (stat) £ 0.013 (syst)

0 I-l»- P
0 02040608 1 12141618 2

Py (GeVIE) sin (2¢1) = 0.668 + 0.023 +0.013

preliminary

Current world's most precise measurement of ®,
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Belle 2007 L[ B° = Jiy K° (535M BB) .| 0.642+0.031+0.017

Measurement of @ /p  HFAG2010average |+ 0670+0023
(85 Iy K L 0.671+ 0.029

B® — Jiy K 0.641+ 0.047

Belle 2011 < | B° —wi2s) kg 1. . 0739+0.079

B® -, Ks — 0.636 + 0.117

([Foem | p osssro0ioom

. L
0 0.2 0.4 0.6 0.8 1 1.2

sin(2¢:1) = sin(23)
sin(2p) = sin(2¢,) EE

PRELIMINARY

BaBar '_*_' 0.687 +0.028 £ 0.012
PRD 79 (2009) 072009 5
BaBar y_, Ko | 0.690+0.520+ 0.040 4 0.070
PRD 80 (2009) 112001 ; j
BaBar J/y (hadronic) Kg ! i 1.560 + 0.420 :t 0.210
PRD 69 (2004) 052001 ;
Belle '_H 0.668 + 0.023 £ 0.013
Moriond EW 2011 preliminary | :
Average L 0.678 + 0.020
HFAG -

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Indirect estimation: sin (2¢1) = 0.830J_r8:8§2 (global fit, CKMfitter ICHEP10)

Tension of 2.90 in global CKM fit is expected to reduce slightly due to new Belle result.
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Measurement of @ Jy

* ®_ is accessible by utilizing the interference of b - ¢ and b - u transitions in B* - DOK®*

s U yr(*)— b — u = (*)0
< K B_ \\< c D
B— b m’f' > ¢ p(*)0 ' S (k)=
i < i i < i
Ay~ ‘/cbVJS ~ A)\S As ~ V’ubv ~ AA'?’ ( — ?,')’]) ~ e_i¢3

- Interference, if D° and D° decay into common final state: | D) = | D) + rpge!(F#3+95)| DO

» Weak phase difference ®_, strong phase difference 6, and amplitude ratio
AB- = D°K™)|  |VV
A(B~ — D'K-)| |Vu,Vx

rp —

X [color supp] = 0.1

Advantage: e only tree, no penguin contributions — can provide SM anchor point

Drawback: < small branching fractions due to Cabibbo- and color-suppression
e small r
B
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Measurement of @ Jy

Three methods and their observables that can be used to determine ®_ in B*— DOKO*:

GLW: Gronau, Wyler, London PLB 253, 483 (1991) PLB 265, 172 (1991)

Cabibbo-suppressed D decays to CP eigenstates, e.g. D — K*K" (CP-even) and D - K_1t° (CP-odd)

2rp sindp sin ¢g

A — _ 2
CPET 1T 7% + 2rp + cosdp cos o3 Rcpy = 1415 +2rp + cosop cos ¢3
direct CP asymmetry ratio charged averaged decay rates
ADS: Atwood, Dunietz, Soni PRL 78, 3257 (1997) PRD 63, 036005 (2001)

Doubly Cabibbo-suppressed (e.g. D°— K*1t") and Cabibbo-favored (D° - K*1t) D decays

, sin
Apx =2rgrpsin(dg + d0p) (93) Rprx =15+ 15 + 2rgrpcos (6 + 6p) cos (¢3)
DK
direct CP asymmetry ratio suppressed to favored decay
GGSZ: Giri, Grossman, Soffer, Zupan PRD 68, 054018 (2003)

Dalitz analysis of multi-body D decays into self-conjugated states (e.g. D - K_1t*1T)

Interference My (m3,m2) = fp (m%,m2) + rpe’ 23108 fr, (m2  m3 ) varying over Dalitz plot
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Measurement of @ Jy

GGSZ method [PRD 68, 054018 (2003)]:

 Reconstruct D in self-conjugated state like D - K mt*1r

' 2
2 2 2 ' )
MB+—’DK+ (msz+ﬂmKs7r_)‘ — ‘ ‘ —|—TBGZ(+¢3+ B)
| —
. —
N, b-c ‘ b-u
2
2 2 2 _ (— 346
|MB_—>DK_ (mszﬂmszfH = —|—frBe"”( ®3+6B) ‘
M

« Advantage: large interferences can occur in some regions of the Dalitz plot

* In previous analyses amplitudes f have been extracted by fitting tagged D° decays

using model assumptions involving several two-body intermediate states (Isobar model,
K-matrix model). The systematic uncertainty to @, associated to modeling may be up to =10°.
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Measurement of @ Jy

GGSZ method - model-dependent analysis at BaBar:

« BaBar uses D - K 't and D K KK in: BT — DK*
B* - D*K*,  D* = Dn", D~
BE _, DK*i, K*E Ksﬂi

 Modelling of f_ applies K-matrix formalism (amongst others).

J T | T T | T T | T T | T T ‘ T T ‘ T T ‘ [
O 4 c 4 |— B o DK - BaBar with 468x10° BB: PRI 105, 121801 (2010)
LY (N ¢3 = (68 J_F}Z(stat) +4(syst) £3(model))®
osk |- | . B
Bl Combined , rg=(9.6 £29 £0.5 +0.4)%

13.3 32 +1.3  £0.3)%

(

(

0.6 (
rrs = (14.9 185 +2.6  +0.6)%

(

(

(

0.4
9 o
119 35 +3 +3)

—82 £21 45 +3)°
111 +£32  +11  +£3)°

h
h
02'l
= b
L] B ¥
: u
4
3
§

o, = Y (deg)
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Measurement of @ Jy

GGSZ method - new model-independent approach at Belle [EPJC 55, 51 (2008)]:

» bin Dalitz plot and use in each bin strong phase difference obtained in measurements
on quantum-correlated D° decays in (3770) -~ DD by CLEO

33— 15
preliminary | CLEO PRD 82,j112006 (2010)
i 6

N 3
LR (D
D BELLE
\ O A
.
Al e - . ;
o g

T*) (GeV?/c?)
N
[$)]

N;* = hp [Ki + 1B K_i + 2/ KiK_; (x4¢; + yis;)
r4y = rp Cos (53 + q53) y Y+ = Tp SiIl (53 + (,1’53)

c; = (cos(6p)), s; = (sin(ép))

N

0
ik,
3]

—h

0.5 B [K_'m] K- S
05 1 15 2 25 3 ol B ]

m(K:n') (Gev2/c4) -1.0 -05 0 C, 0.5 ECREE:
> 0.3;
2 Belle with 772x10° BB:
01 B +15.1 o
o[ et o3 = (77.3 4 o(stat) £4.2(syst) +£4.3(c;, s; prec.))
oq | rg = 0.145 =40.030 +0.011  £0.011
02 5p = (129.9 £15.0 +3.9 HAT®

030
-0.3 -0.2 0.1 0 0.1 0.2 0.3
X
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Measurement of ®_ly — ADS Method

ADS method - new Belle measurement:
e First evidence for the suppressed decay B- - DK- with D - K*11- (significance of 4.10)

« Improved continuum suppression (e*e" - qq (g=u,d,s,c)) utilizing neural networks (NB)

22 B~ [K'TT].K 60 F preliminary
> 18 qa (u’d’s1c) 50 :— sere N
= \ Q -
o 1ul ) S 40 R ps Averages a2
: 12 _ n "'BaBar P '0.011 +0.006 + 0.002
7)) 10 'l 'E 30 PRD 82 (2010) 072006 |
c 1 ‘ o ™ ¥ Belle g 0.016 + 0.004 + 0.001
o 8 'i ‘ Lﬁ 20F g arXivi1103.5951 i":*"
T = + +
e ' i ! E Ql 85/5010 preliminary 'i"'_"k_H 0.022+0.008 +0.008
\’- -‘.... " ’ i; i I L 10: I/H\;/galge P 0.015 + 0.003
(2) ' - # | ‘ 0 008 -006 -0.04 -002 0 002 004 006 008 0.
-0.1 0 0.1 0.2 0.3 .
AE (GeV) A Averages E
ADS PRELIMINARY
Belle with 772x10° BB: arXiv:1103.5951 o Bwm— | |
— +0.44 +0.07 —2 < Er)eﬁl\l?ms.sgs; ; e — 099 822 kX
RDK — ( 163 —0.41 (stat) —0.13 (SYSt)) X 10 fl CDF * | -063i04p1023
_I_O ) 26 —I—O .04 ;KM2010 preIn‘Enmary .
ADK — — 039 _ 098 ~0.03 N H:féage : : E 0.530.21
: . preliminary . f H i
2 1 0 1
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Summary

B

Py

- e
O
Rl = | = | | A 1 %
S E - 0.8 m
0.5 :—§ sin 2¢1 — g
— |5 solw/cos20 <0 ] =
— |3 (excl\at €L >095) ] 06 F < A
04 —3 — s
= mk W ¢2 = 04 15'%’@ “é i
0.3 :— _: . 7 h(ef.q D:
02 - " = 0.2 + =8 w: i
- - S
01 - \= 0 i L
=0 ’ " :
0.0-0.4 = -OI.2 0.0 | 0!2 0{4 — 0.|6 — 0.|8 1.0 -0-?0.2 012 014 OI.G O.IB 1 E)
p
Overview of results of a few analyses
Angle BaBar Belle
o1 /3 (21.7£1.2)° [BY — ceK Y] (21.0 £ 1.0)° [BY — K]
G2 [ a | T1° < ¢o < 109° [B — 7] (97 £ 11)° [B — 7]
(87 f%g)oo [B — pr] 68° < ¢y < 95° [B — prr]
(92.4 J_rgg) _ [B — pp] (91.7 £ 14.9) _ [B — pp
¢s /v | (68115 +4+3)  [BT - DK (78 115 £4+9) (B — D) K*]
[model-dep. GGSZ] [model-dep. GGSZ]
(77.3 T176 £4.2+4.3)° [B* — DK*]
[model-indep. GGSZ]
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Measurement of @ /3

 Belle's update on full dataset (preliminary):

systematic uncertainties AS AA

Vertexing to0os  +0.008
Flavor tagging fg:ggg +0.003
Resolution function +0.007  +0.001
Physics parameters +0.001 < 0.001
Fit bias +0.004 £0.005

significant improvement in systematic error
J/YK2 signal fraction +0.002  +0.001 compared to Belle's last update on sin(2®,)

J /KD signal fraction +£0.004 900
(25)K signal fraction < 0.001 < 0.001 (mainly due to vertexing and resolution functions)

Xc1 K2 signal fraction < 0.001 < 0.001

Background At +0.001 < 0.001
Tag-side interference +0.001  £0.008
Total +0.013  +0.013

Belle with 772x10° BB:
A= 0.007 £ 0.016 (stat) &= 0.013 (syst)

sin (2¢1) = 0.668 + 0.023  + 0.013

preliminary
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Measurement of @ /3

Overview of measurements of sin(2®.*") in b - qgs penguin transitions
. eff, . eff
sin(2 ) = sin(2¢, &

PRELIMINARY
b—ccs World Average ’ MO ' 0.6740.02
. DBaBar ; - '+ 0.26+0.26 +0.03
‘-‘; Belle N 0.90 *1%5
Average 0.56 *115
o BaBar : 0.57 £0.08 +0.02
x Belle ' 0.64+£0.10 £ 0.04
= Average ! et } 0.59 +0.07
v’ BaBar . Too0 gl
" Belle : * | © 0.30+0.32+0.08
& Average ! —1— ; 0.74 +0.17
o BaBar : ; J—- ¢ 0.55+0.20+0.03
= Belle 5 : o « 0.67 +0.31 +0.08
a Average ! S : 0.57 +0.17
eeeobverage ek

BaBar ' . 0.45 *555 £ 0.06 + 0.03

m .
<  Belle . 0.64 *212 +0.00 £ 0.10

D& H
Average ! b * | : 0.54 1
- BaBar ; —k— ' 0.55 0%+ 0.02
§ Belle—————— 5 : ©0.11+0.46 £ 0.07
Average —k - : 0.45+0.24
BaBar ; T ; 0.60 *01%

ol v o]z N
<  Belle : ke ; 0.63 515
*  Average ——— ; 0.62 173
Se BaBar ! 0.86+0.08+0.03
v Belle 0.68 +0.15£0.03 7) 7%
L. Average : . 0.82+0.07

-0.8 06 04 02 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
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Measurement of @ /o

@, is directly accessible only by measurements of time-dependent CPV in b - uud transitions
like in B - trt, pTI, PP Or a,(1260)T.

I R A (7 N
Vot e + + b : ! Q
a TP 0 : : =0
0 b / < w — — B E E B
B g a TP d— 2 >
t Vi
A . . .
A= dL — 201208 — (202 e A =0 and  S; =sin(2¢,)

p Ay

* Problem: b - d penguins have different weak phases and magnitudes of same order in A

R
LTLP

a T 5P

* This results in a “penguin pollution” with a shifted ®, = ®, + A®,:

Af =—sin(20) and Sp=1/1- ,4? sin (262 of)
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Measurement of @ /o

* ®,in B> ' and p*p” can be extracted from @, = ®, + A®, by disentangling tree and
penguin contributions using isospin relations: [Gronau, London: PRD 65, 3381 (1990)]

o (1) = (1, +1) |(tmT) = O (tree, penguin) v I(1tm) = 2 (tree)
I(m) = (1, -1)

o B*_ 1r*11° can have only I=2, it arises only from tree diagram.

A (B+ — 7r+71'0) — A (B_ — Tr_ﬂ'o)

Expansion of amplitudes for B° - rt*1t, B - 1°rt® and B* - 1t*1t°® and their charge-con.
in terms of I=0 and I=2 leads to relations of 2 complex triangles sharing same base.
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Measurement of @ /o g
Measurements of B° - 11*11";

@300 -

= —o0— B" Tags

(] —o0— pY oS &

©200F ° F

'R i £ z

+l='3 I

-.5100:

g .

<% 0 ;

-1 -—\ | | 1
0
At (ps)

Belle with 535x10°¢ BB: PRL 98, 211801 (2007) BaBar with 465x10° BB: arxiv:0807.4226
A+ - = 0.55 & 0.08 (stat) &= 0.05 (syst) A+ - = 0.25 & 0.08 (stat) &= 0.02 (syst)
Sr+.— =—0.61 &£ 0.10 + 0.04 Sr+.— =—0.68 &£ 0.10 + 0.03preliminary

Ar 0= 85 =4/1 —A§Sin(2¢2,eﬁ)
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BaBar with 384x10°¢ BB: PRD 76, 052007 (2007)
Measurement of d)zl a B(B’ —ptp) = (25.5 +2.1  (stat) 150 (syst)) x 107°
_ flong = 0992 +£0.024 To-0a0
Measurement of @, in B - pp: Ao ome = —0.01  £0.015 10.06
E; 30—?-80 - erp' I | BO Ta,gs— Sp+p*,long = —0.17 £0.020 _—Fgggg
2 20— —
5 0 BaBar with 465x10° BB: PRO 78, 071104 (2009)
2 30 B(B” — p’p") = ( 0.92 £0.32 (stat) £0.14 (syst)) x 107°
2 20
E 0 .Apopojlong = —-0.2 =+£0.38 +0.3
R Sp0tong = 0.3  £0.7 +0.2
E 0'(5) PRL 102, 141802 (2009)
3 o5 B(B* — ptp") = ( 23.7 +1.4 (stat) +1.4 (syst)) x 107
-lg i 5] 0 2 4 6
At (ps)
— ] ] ] 1 T ' ! T T '
2 \ X 1 |
i M
j \ :E Ei f :: :: } . .
i f f 1 || B-ppis mostly long. polarized and
0.5 [ 05 } i |:_; Z,-""|' has an almost flat isospin triangle
A | CL=68% /_| ]
[ ] | | _
______ 3 L~90%~ by = (9247 )
ot " '--+ 0 /j . at 68% C.L. mterval
-20 0 20 0 100 150
Ady =Ao=0.-0..4 (deg) Oy =a(deg)
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Measurement of @ /o

Measurements of B p*p:

>
=}

S B Toes o ‘
530 E3'0 L%
L e
£ e} <
08k 0 2 r 6 I6 -4 ) 0 2 4 6
At (ps) At (ps)
Belle with 535x10° BB: TROTeAAERD) | BaBar with 384x10° BB: PRO 76, 052007 (2007)
Ay, 1, =0.16 % 0.21 (stat) & 0.08 (syst) fr=0.992 + 0.024(stat) 5039 (syst)
Sp+p- 1. =0.19 + 0.30 + 0.08 Ay p- 1. =—0.01 £ 0.015 + 0.06
Syrp- 1. =—0.17 £ 0.20 o0l
Latest results of B* - p*p° [PRL 102, 141802 (2009)] and B° - p°p° [PRD 78, 071104 (2008)] from BaBar
suggest an almost flat isospin triangle in B - pp.
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Measurement of @ /o

Measurements of B? - p°p°:

'{j;; p— 60i R .

% ”g <0 ........................ prOJECtlonS Of BO R pOpO

= = PDF component

2 s 30

= = :

g & 20¢ ]

wn = F ama ]

z okt ——=d  BaBar could see a signal of B - p°p° with 3.10 significance:

-0.05 0 0.05

¥ BaBar with 465x10° BB: PR 78, 071101 (2000
> i —_
Chd! g B(B®— p°0°) = ( 0.92 £0.32 (stat) £0.14 (syst)) x 107°
=" 2 A piong = —0.2 +0.8 +0.3
= 20 | *é
é 10;_ ] 5 Spopo,long — 0.3 +0.7 +0.2
= P T L I feroapenqerganrzytt U
0.6 07 08 09 1 0 02 04 0.6 08

Mgy (Ce\”/cl) cosf,

Belle hasn't found evidence for B° - p°p° yet:

Belle with 657x10°¢ BB: PRD 78, 111102 (2008)
B(B" — %) <1.0x107% at 90% CL

Events/( 0.16)
Events / ( 0.5 ps)

ol
-2-1.5-1-050 05 1 1.5 2
Event Shape
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