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CP Violation

= asymmetry
between particles and anti-particles ( C )
when summed over left and right

since P-violation of weak interaction
has opposite sign for particles and anti-particles

use CP instead of C for left/right individually
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CP Violation: History

1964
1973
1987
1988

CP Violation in K° Observed (Cronin, Fitch...)
Quark Mixing Matrix = CPV (Kobayashi, Maskawa)
BOBY Oscillation Observed (ARGUS) ~
Era of B Factory Proposals, Using Y(4S) — BB
Europe: BETA @ PSI

ISR-B @ CERN

Helena @ DESY
USA: CESR-B @ Cornell

PEP-2 @ SLAC
Japan: KEK-B @ KEK

B Factories (PEP-2, KEK-B) Start Operation
CPV in BY Observed (BABAR, BELLE)
Direct CPV in B Observed (BABAR, BELLE)
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CP Violation

in the Standard Model:
CP-violation = interference

due to
the unitary
Cabibbo-Kobayashi-Maskawa matrix V




CP Violation

in the Standard Model:
CP-violation = interference

due to one non-trivial phase in

the unitary
Cabibbo-Kobayashi-Maskawa matrix V

with standard choice of 5 trivial phases:

|Vud|_ |Vuei|r IT’{ub|Emﬁr
N = _“"rf:ud|":31¢'_£1 IVr:.s?'E_Mi}E lvﬂb|
[Vigle™  —|Visle*®® |Vl

-




Another Choice of Phases

qudl( IV‘&SI‘ [Vuble_i’?
—|Veale®t  [Vesle™s Vg
Vidle™  —|Visle*®> |Vl

¢, =~ nA™ are small phases
free choice of 5 more

example: a

=
—|Va, dle—i(w—é—fif) Vusle® Vi
—|V., dlei(¢4+5) Vesle 3% |V
|Vid] —|Visle™®2 |V
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Two (of 6) Unitarity Triangles

CKM matrix unitarity column 1x3

shape independent of phase
convention = sides and

angles are V, V5 /AN ~ p + iy
observables

ViaVa /AN =~ 1 — p—in

1V;rr.fil _ |T”{|'A-':= | |Vufr|f'-'_£';"' Vcévcg/ﬁ‘kg = —1
V= | —|Vea|e’® [Vle™ e | Ve
[Viale ™"  —|Vi,s|e*®? Vinl

CKM matrix unitarity row 1x3 |

M : IB o IB + ¢4 ViV, /AN =~ p+ iy ViV /A =1 — p—iy
ﬁ' y=7 —4¢, ol p
Sy=y-y'=p-p~4¢, s 7/60




If CKM Matrix not Unitary

triangle not closed

but still o+p+y = 180°

if a+p+y = 180° we have additional amplitudes,
1.e. we have not measured the angle in the triangle

{ ...which can also be found by measuring one angle in
two different channels!
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Hunt for New Physics

 measure o,B(B'),y(y") in different modes
and look out for discrepancies

« favoured candidates: loop-dominated
decays (penguins)
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EP-2 / BABAR

Collaboration: T Canada QN
ca. 930 physicists from o
10 Nations R




Asymmetric B Factory PEP I

Energies: 9 + 3.1 GeV

VGlOCity: B'Y=055 Second Scan, January 2000

(4S) > ]

e" e~ — hadrons

17—
- PEP-11 / BABAR

Y(4S) —> BB | prfiminary

X |

ﬁ:l 1 ] 1 1 l

f' 10.55 | \Ilﬁ.ﬁﬁ 'Ecpnépz I[Gel\!_]
off-peak  on Y(4S)
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BABAR Detector

Iron Yoke + RPCs/LSTs, Superconducting Coil
DIRC (Cherenkov),
Drift Chamber, S1 Vertex-Tracker




Data Sample

BABAR BABAR L/day

3 | ] | ]
- P o
o [} =
Eﬁ%h
2 £ H

= =]

" PEP- Delivered 253.55/fb

E

[

:

E
—~180 — BABAR Recorded 244.06/fb g
2 BABAR off-peak 22.68/fb .
> 160 :
] : : o -
210 design luminosity: £
= | 0.3:10%/cm?/s ~ 2 20
=120 - 2
% | peak luminosity: / 5
E 100
g 0.9:1034/cm?/s / a0
E 80 A D.

"é-i‘fvi&
.é‘l}ll.-r.’

= I =-5.:£E*_fi-g-‘:.¢~ ﬂﬂiﬁﬁ‘
—_ Ivered Lurminos)ty S o0
= [Recorded Luminosity 2m5

QI Pegk

m-wf o000~

245 million BB pairs
(1000xARGUS)
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+ Direct CP Violation in B Decay




Direct CP Violation:
2 Interfering Amplitudes

A(B® > X) = |Aq]e1 T 4 |Ay|eit2tide
A(B® > X) = |A|e i1 T 4 | Ay|e P2 tio

under CP: 4 > 6 and ¢ — —¢

Al? = |A1]? + | A2 + |A1]|| A2l cos(p1 — ¢2 + 61 — &2)
52: Al2+|A2|2+|A1I|A2|COS(¢2—¢1+51—52)
A 2 = Al |A2| Si]l(qbl o ¢2) Siﬂ(&l — 52)

A" —

DI Asymmetry . -
Aa- I H a_B(B—)X)—B(B—)X)
" B(B— X)+B(B— X)
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Direct CP Violation: B - Kt~

N _ W .
Asymmetry a= " s Aq=Penguin &
Ny + N, b __E‘
S
Vi
il
a o« sin(¢,—9,) sin(d,-95,) 3
01=0, =Y’
A,=Tree
e I-I
2
BO 'li:
\J




a)
VoaVus /AN = p+in V, Vi/AN ~1—p—iy
|1,-;HII |Vuh|r:.__,—:'-%- V  Vi/AX =~ —1
|Vasle ™70 |Veb|
_|m.3|ffi¢2 |‘[fm|
a
ViV /AN = p+in V*V, /AN =1 — p—ip

(’r’ B

N vy A & 1
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Direct CP Violation: B - Kt~

W

Asymmetry  q="2_% A,=Penguin | x
Ny + N, b __E‘
wfl
\
i
a o« sin(¢,—9,) sin(d,-95,) 3
0=, =7
5,—8, =777 A,=Tree
A/ A = A
BO | |
\J




Signal Event Selection

b-jet:

example
1 constraint = B-mass

wwwwwwwwww

S|gnal B—>Dn

Y(4S) [ \ '
2 constraints = Eg and pg MRy

4F (GeV)

- - . 2o - o | p e
IN CMS R oL

F '-..-r-_»,iu’:._'.
oS eE R RY
N

i ."_-._.I,A L

R

beam EB —>D* DK

—03

R N
“5.06 5.08 5.3
Mes (GeV/c?)

B candidate \/ E:

(o + P )
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Data Analysis of Kt~

Maximum Likelihood Fit determines yields n__, n,_,
N, and asymmetries a,_and a(bgrd) simultaneously:

Event shape (Fisher discr.) ) .
5 rEEs separate signal from
ES ~ qq background
B energy (AE) —_—
Particle ID (6¢) ? separate K from
o e .
= DIRC BaBar : BaBar
20 } Kr¢
© calibrated ., f |
gi ! 1 with N T L] \
D D*+ — DOt T \Q'l;r
lé % (K_TE+)7T+ " 1 [ _Iﬂ'H
O bl b e N ! a ! ! Ill(;ln_-
L5 2 2.5 3 35 4 4.5 AE US|ng m=mn AE

Pag (GeVic) 20/ 60



First Observation of Direct CP
Violation in B decay

it n(B* =K'z )=910
a=-12 2 =_-0.133+0.030+0.009 — .
_ n(B' > K z")=696
o
> 400 “sPlot” = signal fraction fit
=. 5 :
i 2 400 4.2c, syst.
= o . = included
[ P
=200

bk |
8l Oviteect o
'ﬂ: B - iy ﬂ 1 I

-0.1 0.1 0 0.1

52 522 524 526 528 53  AEusing m=m_©V
signal enhanced mgg (GeV/c) 21/60




Systematics for B - Kn~

Asymmetries consistent
* in different K momentum ranges
* in different running periods
* when including decay time

Source Sys. Error BABAR:

Signal Fisher PDF SHO a=-0.133 £ 0.030 £ 0.009
DIRC 6. PDF 0.001

Potential MC bias 0.003 Belle:

Potential charge bias  0.008 a=-0.101 + 0.025 + 0.005

Total 0.009
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+ The Easy Part: (3




Interference mixed/unmixed

/_\ - (FIH|B°) (BY)BL) 1—e¢;

BO\> f T UIHIBY) (BYBL) T 1+ €4
B

"IN

4
p

time-dependent asymmetries
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N(B, = X) - N(B, =+ X)

alT) = —— - =
N(B, =+ X)+N(B, =+ X)|,

where

2Reeg N
L4
El'mrf

x=Am/I": B Ilati

g
o
|

y = AI'/2T": BB lifetime difference
yT = (Al'/2) t




CP-Asymmetry Example:
BY —» J/y Kqg

a(T) = N(B, = X)-N(B, = X)| _ 6pcosaT + AysinaT time dependent
N(B, =+ X)+N(B, = X) > cosh yT + 2y sinh yT asymmetry
l_ﬂl Bl Bl S AL BRI RS F

where 7\, = -e'ZiB
2 |

I"'—J,,= JIRI{-JI =| | -1 0 ﬂ-5:
l+|t=,-|2 A2+1° i

L = 2Imey B 2Im A ] i

=TI gE 1+ pETSIN2B o0

T |Ef 1-|-|'-: :
o _l—|eP _ 2Rer J
TR T I+ pE 0828 L}
Do — . .EII 1

14 |A| i

‘_li_lijl_;} e JD‘_“ IHHIETHT‘_
x=0.77£0.01
other conventions: blue: y =—0.01
Ay =S sin coefficient black: y =0

BABAR 2004 [y| < 0.08
®, = A=-C cos coefficient Theory: —0.01< y <0.00 55,49




B - J/y Ky at Y(4S)

CP-Asymmetry:  a(T)=A,sinxT =sin2f- s1nAmAt

Energies: 9 + 3.1 GeV
velocity: [By=0.55

1.0k ]
O NN T NN T T Y T O o TN N T T Y T W o AT Y T ! 1

—10 0 10 T

T=At/t at Y(4S) — BB, At=t.-

@ " B51gnal ‘B Signal—B, Lifetime ts
ag Tag-B, Lifetime ¢,

Az = BycAt 27/ 60



Measurement of sin 23
at the Y(4S)

* measure decay rates (1), R,(T)
« for BY or anti-BY at time T =0

R2(T)_R1(T)
R,(T)+R(T)

* calculate a(T)= =A,sinxT

J/\y + +
l T B-Meson

B 4 Reconstruction
Y (4S) ¥ K

At-Measurement B-Flavour-Tagging 28/ 60



a)
VoaVus /AN = p+in V, Vi/AN ~1—p—iy
|1,-;HII |Vuh|r:.__,—:'-%- V  Vi/AX =~ —1
|Vasle ™70 |Veb|
_|m.3|ffi¢2 |‘[fm|
a
ViV /AN = p+in V*V, /AN =1 — p—ip

B

V‘L:;-V;S/Akg ~—1
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Tagged (cc)K Decays

CP sample
JIg K (Kg—T1111) B (—

Jip Kg (Ks—mom?) 653 88% -1 (6) K, (1s=-1 modes)
P(2S) Kg (1) 485 87% -1 | ©
Xe1 Ks (Ks—T1*1T) 194 85% -1 o

purity CP

'1cI(S(P(S_91T+TT)
Total CP=-1 4370 92% -1
Jly KK~ Ker) ~
Jiy K, 300
=20 -1 @ 19 20 :mAjuEmm

30/ 60



Results on sin2f3 from (cc)K

Events/{ 0.4 ps )
b
1 g |
Events/( 0.8 ps }
b
] E T T

=
tn

Raw asymmelry
=

Raw asymmelry
=

]
—
]

5 - 5
At [ps] At [ps]

+ A, =sin24=0.722+0.040£0.023
A|=0.950£0.031+0.013
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B — Vector-Vector

B: Spin 0
— VV: L=S, £ S,=0 = 0 1 2
Clebsch-Gordan-Table: L= O 0 0
A, |S= +1,-1| 1/3 1/2 | 1/6
A, 0,0 | -1/3 0 2/3
A_, -1,+1| 13 | -1/2 | 1/6
CP= +1 —1 +1
Amplitudes: “longitudinal™ A, (CP +)
“transversal™: A, A_,
or better: A=A +A,(CP )

(“circular” — “linear” polarisation) A =A,,—A_(CP—)
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Tagged (cc)K Decays

CP sample
Jip Kg (Kg—T1r*1m)
JIy K (Ks—1r0110) 653 88% -1
Y(2S) Kg (—1r*1m) 485 87% -1
X1 Ks (Kg—T1*1T) 194 85% -1
Ne Ks (Ks—T1r*mm)
Total CP=-1 4370 92% -1
Jiy KO(KO— Kcro) +0.54%<
Jiy K, 2788 56%  +1

CP odd

fraction (|A,[|?):
(23+£2)% [BABAR*]
(21£1)% [world av.]

* of accepted events
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cos(2pB) with BY—J/y KO(K<TT)

e £ ‘ALHAH ‘ cos(8,-8)) + fi| 4| 4,|cos(8, - 5,)cos(2B) sin(xT)

3, CP +/— interference
e , ,
" lﬁ“—v?—_*’_ : amplitudes and phases
1.4 ¢
N —4 %= use also non-CP charged
| *ﬁ ¢ final states
' P T:.'}
.8 %* é;wc?:
| .:,“ —]'-'l— . . .
woOR 1 resolve sign amb_lgwty of
04 oo s T4 strong phase 0 differences
I o LASS data, Kp —> K using K scalar/vector
Y BT R L1 12 13 14 15 interference

L
mi AGeVie™)

cos2B = 2.7 £ 0.8(stat) + 0.3 (syst) >0 @ 86% CL
possible from sin 23: +0.69, —0.69
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| world average now:
|B=23.2°+1.5°

J/y K-modes also
theoretically ,clean®,
l.e. [ precise at the
0.1% level
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+ Additional Information: (3’




Unitarity Triangles: B & 3/

a)
VoaVus /AN = p+in V, Vi/AN ~1—p—iy
5 * 3~
]V!”f], : |H‘“1. |1['(rue-h|':-“_t ' VeaVep/ AA 1
V= —[Vale® [Veale™™? Ve
|Vidle ™" —|Vi,s|e*?? Vil
T «
i .;f il : = Var Vs /AN = p + in V*V, /AN =1 — p—ip
IR 5 [+ g,
DA o o ~1° Y £
B-F=b-0 ——
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sin(2[3’) in sss Final States

0 0 .
B" — ¢Kg, CP+ and CP- eigenstates
0 BaBAR (a) | =3 BiBAR (b
N Preliminary ' | Prre!imil:mry [T J
£ 30 0 0 -
2 | B — 9K = 20| T
'ﬂ' LI::!
ed 201 =2 ET
522 524 526 528 ] s 002 D04 D06 008
Mg [GeVic® ] | | AE [GeV]
114 + 12 signal events 98 + 18 signal events

4 B° - KKK, mixture CP+/—

452 + 28 signal events in Dalitz plot, excluding ¢region




sin(2[3’) in sss Final States

Asymmetry

1
(]

Asymmetry

S : .
L OO Ul M 1O Ul
T T T T

Asymmetry
=)

o

o

o

=,

oK o]
] A ——
; T >i A, =sin2f =0.50+0.25"7
! e ®] | 0,=0.00%0.23+0.05
——— S
¢:KL : i j
I + -1 0 (C)_
RS sin24' =0.55+0.22+0.04+0.11
/N/ J
_ —+— | | fep, =0.89+0.08£0.06
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sin(2[3’) in sss Final States

0y KKK fo 34
5 g%
CP+ eigenstate g " 20
105

'.'ki-!i-.' 5.24 ':...-.-‘b E|IEB. 5.4 E:-EH -EI.lI.'I'.-u 0 IZI.E.'I'.'h I'.I:1

BF =(6.9'9%+0.6)-10°¢ 2 oo
8 88 £ 10 signal events
Ay, =—0.71"0% +0.04 B

®, =0.34"9% +0.05

®, =0 — =

Weighted Evenrs ¢ 1.5 ps

1 e ! I i - S E—
' r_ +0.29 ZosEd = (c)
: Sln 2ﬂ . 0.79_036 i OoO4 E a F___:d—~—— —— —h,___q_q_ r
fos 5
tl' - -'I 5 - E PR — I:I 40/60



More Penguins: B® 2 o Kq

{ah .

Events ! 2 MaV
#

) ]
mES (GaV)

96 + 14 signal events

A, = +0.50+.3 +0.02
®, = +0.56+,2 +0.03

Events / ps

i
£a

—
1

13

(a)

BaBag
—*— preliminary

(b




sin(2[3) Comparison

BABAR D2

D2 0040+ 0023

Balla {4

072840056+ 0023

Average (charmonium - all exps.)
0726 +0037

BABAR D&

DS0202% Belle 03
Balle 04 S

0L06 #+ 033 0005
BAZAR 04
DE+0 14 #0007
Belle 04

DLES + 0018 2 0004
BABAR 04
D.B.'l_;:: =010
Balla {4

NAT+047 +0.08 : .

BABAR 04
WES . =00

Balla {4

D +0EF=011
BABAR 05
0507 200
Balle 04
m .'.:l—l'.ll"lﬂ_:_lEI
BAZAR 04
DES:02F201F
Belle 04
DA DB,
BABAR 05
M7, =00
IEell-:‘- o] - "
a1 1 !
Average (s-pamguin)
.43 2 0aF

‘Mnlmd 2005

1

1.5

BABAR & Belle:

(cc)K
sin 2B = 0.725+0.

penguins

037

sin 2B’ = 0.43+0.07

3.70 discrepancy

but...
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up to 20%
v corrections
" ° for relation
K® /\0 < Sin ZB'
possible
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* and o....




Unitarity Triangles: a

b — uud

like B —»

]Hrrﬂ]l :
V= | —|Veale'™
|H,,-j[{3_i'.;

o =7l —

p

=

a)
VoaVas /AN = p+in V, Vi/AN ~1—p—iy
|1,-;HII |Vuh|r:.__,—:'-%- V  Vi/AX =~ —1
|Vasle ™70 |Veb|
_|m.3|ffi¢2 |‘[fm|
a
ViV /AN = p+in V*V, /AN =1 — p—ip

B

V‘L:;-V;S/Akg ~—1
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a: the Penguin Pollution

O, o sin(0)

A, = (2)4/1-0; sin(2a + k)

46 /60



47760



afromB — 1117

B—>rnr R
BF=(4.7%0.6+02)x10° 2o BBEBoAT
A =—030+0.17+003 iJH 14
© . =009+0.15+004 T

B—r'r’ s e T
BF=(1.17+0.32+0.10)x10° S e
0, , =0.12£0.56+0.06 SN BB

Born : K
BF=(5.840.6+0.4)x10°* | !
a=-0.010.10+0.02 s Saaat———

| IV I I B 5 5 5 5
1] I X 3 4 5 & 7O 8D G
-0, degrees)

Isospin analysis: | — a4 < 35° at 90% CL
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afromB — 1117

O_ | |
0 / 50 100 150
o (degrees)

small range excluded @ 90% CL
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B — Vector-Vector

B: Spin 0
— VV: L=S, £ S,=0 = 0 1 2
Clebsch-Gordan-Table: L= O 0 0
A, |S= +1,-1| 1/3 1/2 | 1/6
A, 0,0 | -1/3 0 2/3
A_, -1,+1| 1/3 | -1/2 | 1/6
CP= +1 -1 +1
Amplitudes:  “longitudinal®™: A, (CP +)
“transversal™:  A,,, A_,
“parallel”: AH =A,,+A_, (CP+)

“perpendicular”: A, =A,,—A_, (CP—)
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5 — pip”

the p*p~ system is longitudinally polarized!
f(Ay) = 0.978+0.014+0.028
CP =+

617 £ 52 signal events

BF = (3.0+0.4+0.5)-10
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B — pYp?

N 20
BF (B® > p°p°)=(0.547035 £0.19)-10° |
< 1.1-10° 90% CL "%5'
Q
¥
<10 ‘
T g F-J[ J[
Isospin analysis gives Wt
CorreCtlon tO a. g.?tll ‘5.I25. l5.IEE. l5.12?: lEIEE-. l529
k<11° @ 68% CL M (GeV/c?)

33 + 24 signal events
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a with B — pp

B'—p'p
A . =-0.33+0.24"%
P p :
®p+p_ =0.03£0.18%£0.09 e

I T
~ 0.8
B ,OO ,OO XS
BF <1.1x10° '”
0.2 ]
B pi po % 0 o(deg) 120 180
BF = (2647 )x10™* a=100"113°
f(A4,)=0.96"0 including £11° from x
(penguin)
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a with B — (px)°

E:.__ BD_} J.E"‘J.E_J.[D {kjn_) 5 E_E?Eé?:.l__l TT[TT I T[TTT I TTTT

-lﬂnar

)| interference regs.

lllll
mEs @

|-

Dalitz plot has
p'n-, pmt, pOn?
and radial excitations

iiii

1184 x 58 signal events

0 5 10 15 20 25 30
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a with BY — (pxr)°

p Ot O very small; still many asymmetry parameters

B'— ,0+72'_ «|strong Phase 5, _| —» |B'— p‘;f

$ dcp
. \ f

SIS A A;; A_L,O_,
| |
B'—>p'n B'—pr'

A, O, ,A_,0_,— average (A,0) and difference
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a with BY — (pxr)°

a,, =—0.088%0.049+0.013 Sgymmetries BABAR

(A, )=-0.10+0.14%0.04

4 . 36
® )=-0.34+0.11%0.05 £ o5
(O A =-021£0.11£0.04| | /0

05 ——
AAN=0.22+0.15+0.03 AT =—0.47"314£0.06 ~—
A®=0.15+0.11£0.03 ¥ SO S,
A

5. =(-672+7°)

+ -31° —

C.L.

a =113 +6°
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Combined Constraints on a

1-CL

T T — L I e e e T T
- BB
1.2 — Mosondfs Egmt}ined -
I o CKM fit
1 4 plery
0.8 -
0.6
0.4k
G2 -3
CI' ;:::N'::-."‘J -I i E\T-‘t- ;_-.,:' -.-|--|-‘|'-I| J | e | R | - AN N O NN Y N T
0 20 40 60 80 100 120 140 160 18C
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Combined Constraints on a

WA

- B-pn [ Combined
--=-B—pp He— CKM fit

1.2

08
O
|
~ 06
041
02" _ P
_ o +16° h‘m R
a =101 —9° %0 20 40 60

o (deg)
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Summary

» & @

observation of direct CPV in B decay
various measurements of 3([3') differ (2—40)
more data will distinguish new physics from
statistical fluctuation

sensible o measurements available from 3
channels

(v also started, errors still large)

Standard Model (still?) in good shape
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Outlook

BABAR just restarted

expect datasample x 2 by summer 2006
expect datasample x 4 by end 2008
then we need a

next generation collider
with L = 103%/cm?/s

¢ € @ @
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