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Outline

Intro to time-dependent CP violation
= Penguin diagrams as a window on New Physics

sin2p in charmless decays at BaBar

m BY > pOKq

= B0 > n0K,

= B0 > KKcKo

s BY 5> 070K

Measurements of  using Dalitz analysis
= B0 > K+tKKO

Summary
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Motivation: Physics Beyond SM

Photo: Lawa Molles:

Charmonium (e.g. B®>1/yK¢) decays dominated

by tree diagrams—->good laboratory to measure

SM values (see M. Bomben talk, this session):

m sin2p = 0.678 £ 0.026 (B = 0.372 £ 0.017) (HFAG Moriond 07)

Charmless b>s decays dominated by loop
(penguin) diagrams:
= In the SM, expect sin2p «~sin2

b < VW . 5 ¢
e Massive particles beyond the o 5
SM could enter in the loop B’ f
e Could yield sin2p #sin2p s
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BaBar: An Asymmetric B Factory

- B.,,: Partially
g ' reconstructed;
e- 9.0 GeV e+ 3.1 GeV determine flavor
> (BO or BO)

Y(4S) B'y=056 ”I K+

BOB? —— Mixing ‘
% AW
Bep: Fully = >

reconstructed in

Measure Az to get proper time
get prop CP eigenstate

difference At = Az/Byc

Bcp Characterized w/standard kinematic variables: mgg, AE

ete->qq background rejected using event shape variables
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Time Dep. CP Violation Formalism

Decay rate as a function of At:

ar e, 1A +[A +21m{pe, AAe ™ Jsin AMAL

dAt T T (| A|2 _ WZ ) coS AmAL

This is usually simplified to

dr e M .
T [+ (= 7S sin AmAt —C cos AmAL )|

CP violation parameters:
in interference between decay w/ and w/o mixing : S (~sin2p in SM)
in decay (direct): C (~0 in SM)
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PRL 98, 051803 (2007)

BoepoKS 227 x 10% BB pairs

pP>ntn, Ke2>ntn
Maximum Likelihood fit to: o —
SuE O BABAR c
Mes, AE, NN, cos 0, m_, At Z:BO L :
Nsignal =111 £ 19 a3 | 3
05—4—7:'-‘4_ | . ]
B(B0->poK0)=(4.9+0.8+0.9)106 P DR
5.0c significance incl. syst. 4— (©) \ —— —
S = 0.20 £ 0.52 + 0.24 +
C = 0.64 + 0.41 + 0.20 \ i

Largest contribution: b4 6

neglect of interference
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B> K.

At computed using technique
pioneered by BaBar

= K momentum vector
pointed back to the IP

= B production vertex is
constrained to come from
the beam axis

Ny, = 459%29

s B(B®>10K0)=(10.34+0.66
+0.58)106

S = 0.40+0.23+0.03

C = 0.24+0.15+0.03

383 x 10° BB pairs

[~

0
-0.5

Asymm./1.67(ps) Events/1.67(ps} Ewvents/1.67(ps}

30 F
20 f
10 E
|
05 F

-1

arXiv:0707.2980

Sub. to PRD-RC

20 July 2007 J. M. Thompson - EPS 2007

preliminary . E
— __'E__-—'-—-"""_: ]
= [ —— .
s 4 3 2 -1 0 1 2 4 5



CP-even three body final states 20F
K<KcKs. SM theory uncertainty small 2

0F

3n;

Events/2.0ps

At computed using same technique
as moK¢

zn;
10 F

=
T T

In KsKsKg, one Kg may decay to n9qY

[
1

g 05 |
a D:E ! o T — | ;
2 -05 —— |
1 . . . . A
-8 -6 -4 -2 2 4 6 g
KsKsKs: (383x10° BB) m0n%Ks: (227x106 BB) At (ps)
Ngq = 125+13, 64+12 Ngg = 117£27
Both sub. to
S =-0.71 £ 0.24 £ 0.04 S=0.72%+0.71 £ 0.08 | prRD-RC

C =0.02 £ 0.21 £ 0.05 C=0.23 £0.52 £0.13

hep-ex/0702046 hep-ex/0702010
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K*K-K® Time-Dependent Dalitz Analysis

Challenges in BO>K+K-KO:
= Mixture of CP-odd and CP-even
m Potential for interference among different decay
amplitudes
Answer: Incorporate amplitude structure as a
function of phase space into the fit
Plug into top expression on pg. 5:

(—) (—)
A (mg+g—.cosby) = Z A f. describes the
r decay dynamics:

- Z&{l T b )" Er T f (s -, cos by ), &9 Breit-Wigner

“Isobar” coefficients: c,, ¢, || Allow for direct asymmetries: b,, 5,
ACP,r = -C = -2b/(1+b/?); Beff,r=B+6r
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K*K-K° Analysis Strategy

Combine: 60f 1

e BA_BAR .
[ | KS%TC-I_TC- LA B B B “su 50':_ r pre“mlnary —:
= Kg>non® o 2508 Baar O 40f | -
E K &) 0 preliminary S i ! OW mass.
L = B :' 30_ (I)I f() CP _:
3 : 2> 200F = :
steps: 0 - <
= Whole DP: o 150F 5 o
Average CP < ] ) <l
| “LOW maSS" E 100_ Ot.l.mlr;_.;.l. L 1. L . .-].-lz.l. |Jf.l. .1:1
“i g ”, ol B 02 1.04 1.0 08 .
= "High mass”: & n m . (GeV/c)
Average CP ¥ 50! KK
[ B

0 oo leov e P v Py v ow bowov o v By ow v Py I
1 15 2 25 3 35 4 45

m . (GeV:’;:Z)
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Amplitude model in K*K-K®°

Motivated by DP analysis of B*=2>K+tK-K+
= BaBar: PRD 74 032003 (2006); Belle: PRD 71 092003 (2005)

Also BaBar angular moments analysis
= PRD 71 091102 (2005)

Components of

our Isobar Model

20 July 2007

Results: Fit to Whole DP Fit fraction

Isobar Mode Amplitude ¢, Phase @, (rad) Fr (%)
K" 0.0085 4+ 0.0010 —0.016 £0.234 1254+1.3
fo K 0.622 4+ 0.046 —0.14 £ 0.14 40.24+96
ID{ISE-GJI{D 0.114 & 0.018 —0.47 £+ 0.20 s
(KTK ~)yrK" 1 (fixed) 0 (fixed)

(KTKyeK~ 0.33 4+ 0.07 1.95 4+ 0.27 112.0 & 14.9
(K~ K")wpK™T 031+ 008 —1.344+0.237

xeo(1P)K" 0.0306 £ 0.0049 D8+ 0.54 s o |
X Kkt 1.11 4+ 0.17 3.6+1.5
B e 0.76 + 0.14 1.8+ 0.6
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K+*K-K?% CP Results — Whole DP

Acp

Beg (rad)

Whole DP|—0.015 = 0.077 = 0.053

0.352 £+ 0.076 = 0.026

Asymmetry

BABAR

preliminary __,

Likelihood scan

50— ' ' ' ;

—_ 4[:|_ Statistical errors only E

d "ttt Statistical and systematic errors 3

B 30 =

‘_q =

q 20F

! 10E preliminary

0 0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

B (rad)

20 July 2007 J. M. Thompson - EPS 2007

(Sin2P.=0.647+0.116 +0.040)

Recall: charmonium
p=0.372 £ 0.017

e B.+=0 excluded at 4.8c

e Interference between S-
and P-waves leads to terms
proportional to cos2p3 2
solution near n/2-p
excluded at 4.5¢

® Note: p>B+n ambiguity remains
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K*K-K" CP Results — High Mass

Acp ,.Be il ( 1‘a.d)

High-mass | —0.054 £+ 0.102 + 0.060 | 0.436 + 0.087 * 037

~0.031 |

Asymmetry (Sin2Be=0.764%0.111 +0.071-0.040)

4 BABAR | _

preliminary —e— =
T : P |
—

p— =

IIIIIIIII T
l

Asymmetry
(=
o bm
Illllllll\

e High-mass result intended to replace "K*K-K% excluding ¢” result
e Using likelihood difference, B.=0 excluded at 5.1c
e First observation of CP violation in BO2>K+K-KO!

e Second observation in penguin decays after BO->n'K0;
BaBar: PRL 98 031801 (2007), Belle: PRL 98 031802 (2007)
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K+*K-K?% CP Results — Low Mass

Acp Begr (rad)
(1) pK” —0.08 £0.18+0.04 | 0.11 £0.14 4+ 0.06
(1) foK" 0.41 +0.2340.07 | 0.14£0.15£0.05
i (6KO: -nS=0.2140.26 +0.11)
Asymmetry (foK%: -nS$=0.25+0.26 +0.10)
BT e @ 3
g o] | e
E O T T T
&"’ —D.Sg_ ‘ —— =
e Fit finds 2 solutions w/Alog L = 0.1
 We choose sol’'n compatible with the Standard Model

J. M. Thompson - EPS 2007
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EUEAIRN @ F WL

K*K-K® Summary

X
Results on 383x10° " e e A I
BB pairs, submitted | F ‘

tO PRL L sin2p “;:-% Am, & Am,
(arXiv:0706.3885) P = am,

Exclude n/2-B sol’'n
at 4.5¢ (*)

Observe CP violation RUREMA T\ ¢ -
in high-mass K+tK-K® "¢ A
¢, fo >1.50 from SM L 5 :
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sin(2B") = si G‘P%&

summar
' World Average : C 0.68 +0.03

* ........ ;--Eaeé}.--é ___________________ ":;;___gl_; _________ :.._._d_éi.;.ﬁ.é.ﬁ_¥h_.1_1._.
Belle = 8 ! 050+0.21+006
. < Average' i 0.39+0.17
Moriond 2007: T BaBar ¢ UTTTT LT T osat 0104003
HFAG average X i Belle | | o0sato010+004
— Average : : [t : 0.61 007
ge=  |= B el RS0
0.53 = 0.05 X ' '
* Belle i——t—afl | | 030+032+008
' I & Meagel i 0582020
- 26(5 from b%CCS & BaBar : 1 ' 0.40+0.23+0.03
> 3 = Belle . . : = 0334 0354 0.08
= A ; ; - ! 3840,
w/new m0Kg,K¥K-Ko: - R —
>k o, Average: — i 0.20 £ 0.57
HFAG average - e U; '_"'"_E?EBIé'rmE _____________ —— + ........... S T
O 56 + O 05 g Belle ! Lo —~ @l  : 0110461007
Average : ; —d 0.48 + 0.24
[} I D e S — ;---BEBér--: _____________________ E._ _._g_;_._._; ._._.g ........... 6;_1_1_-_;(]_275_
m 2.1c from b-ccs *k . Ee”e : e | ; 018x023+0.1
- ErE verage ! ' - : Deg+0.18
B = - Ve T e CHOTI T aFR v T fo0e”
x a : = :
BaBar results  *x | <
. B A
recently submitted L BaBa g IREERY CETRTE: 4
. >k v Belle ; : - ¢5a+0 15+0.03 22
or pUb“Shed ¢ Average: : : D.7E:0.10
-2 -1 0 1 2

Plot thanks to T. Gershon
20 July 2007 J. M. Thompson - EPS 2007 16



Extra Slides
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BO%pOK Likelihood Variables

&

w Bl T 3 " T T T T T ]
S70f (a) 1 sk (b : Signal-weighted events
2 60E I3 2 F
Eﬂj“f‘ IIT(III _ %40_ L{ ]
;4‘] || II _; ;3‘]; _l, I ]

3[] + ﬁ{— 3 205 _|[_ | IIII}’ _}» _E

20 *{ 10 I/ +\

033 5.24 5.25 5.06 5.27 5.28 5.29 15 01005 0 005 01 0.1
my (GeVic®) AE(GeV)

8 F T T T 3 w 45

30F A St
% (c) ,-i fﬁ-
£7 J 230
@ 200 - |/ A 3 25E
=T = 3

1S N ‘— ?;:

m;: ;‘j‘? - 10F

5F = B ] 5

: 0 :
I — 1 05 0 05 1 34 05 06 07 08 09

I'J.E]lﬁ-ﬂ network output cosA™ My {Gﬂ\".l’i:z}
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B> K. Likelihood Variables

% T T 1 |

> ;zm-_(h) %%E; Weighted events
5200 & 100 ) Main: Signal

z 8 | S Insets: Background
Q:]ﬂﬂ_ %']m]_— -+ ] ’

g g |

0 F w

a0 A of

- 200 T
1501 !
8 I * 150¢
- I o
g2 | £100}
s 5
m 30| M 50}
0 0.10203040.5

Ly/Ly
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B> K.KK.: Kinematic Variables

All Kg>ntn

Weighted events

Main: Signal
Insets: Background

20 July 2007

One K> nOnO

Events /2 MeV/c?
B8 3

o
=

———
(a)

.ﬂ.ﬂ-.-.
anfts wel e

BREL
m'.'.."‘:" .-.“.:'.._-_ ]

10f

9.22 524 526 528

TR ek

0 fremrts

522 524 526 5728
m, (GeVic?)

515 52 525 53
m_ (GeVic?)
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Events / 10 MeV
oo B88582 S

(b

- E— : —
£ ] (d) 4
EDDM ]

bl -
400 ] ]
200 R

0 . .
52 33 54

.
¥ "

3.2 5.3 3.4
mg (GeVic?)
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B> 1K Likelihood Variables

— —e
||I|\J||| |||CI|]|

o H~

Evts./(0.0075 GeV/c?)

Meg(GeVic?)

IILn

— = MM
o

IIImIIDI I'Lnll

Events/(0.875)

O_
-5

20 July 2007

Events

i}

10}

10°F

10"{—

Fit projections
w/cut on
likelihood ratio

kY
L8]

o o

Asymmetry Events/2ps Events/2ps

—_
T
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K*K-K°% DP Fit Projections

250 .
= i
= 200f .
3
o 1501 N
l::: i
=] [
: 100[ [} P I R R __
E - -1 -05 0 05 1 |
L:TH 501:_ cosf, _
Ur il _ i e b
| 1.5 25 3 35 4 45
m . (GeV/c?)
Whole DP Fit (signal)
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6OEI"""""""""
TONN
S [l
> 2
g 40
e i S
S 30 B
S -1-0.50 0.5 1
2 20 cos8, |
L i
- -
aa)
1 1.021.041.061.08 1.1
m . (GeV/c?)
Low-mass Fit (signal)
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K+*K-K% Low-mass fit solutions

Acp .,.-:fieﬁ( 1‘a.d)
(1) ¢ K" —0.08 £ 0.18 £ 0.04 0.11 +=0.14 £ 0.06
(1) foK" 0.41 + 0.23 + 0.07 0.14 + 0.15 + 0.05
(2) pK" —0.11 +0.18 0.10 +0.13
(2) foK"° —0.20 +0.31 3.09 = 0.19

2 solutions w/Alog L = 0.1 — Multiple sol’'ns common in DP analyses
e ¢ isobar coefficients significantly different
e Solution (2) is completely inconsistent w/the SM due to B in fyK°
e Wrong quadrant of p-n plane!
e We choose (1), as it is consistent w/SM

* For both sol'ns, there is a mathematical ambiguity of £r in B ,,
correlated with a +x shift in o,
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K*K-KO: Systematic Errors

Source Whole DP | High-mass " fol"
A = _.'ig il A O ,-'j eff A ey = .-'.ﬁE_ﬁ' A o .-'fj';E_ﬁ'
Fit Bias 0.003 0.001]0.014 0.00s5]0.03 0.06 0.06 0.03
I[sobar model|0.004 0.000(0.025 =505, 0.00 0.01 0.01 0.03
Other 0.052 0.024]0.053 0018002 0.01 0.03 0,02
Total 0.053 0,026 0.060 '_"E:E?ﬁ 0.04 0,06 0.07 0.05

 Fit Bias: negligible in pure toy MC
e Use values from fits to signal MC + toy background
* Low-mass bias due to (unmodeled) resolution in KL
» Isobar model: vary model parameters by errors; replace BaBar’s
X,(1550) w/Belle’s f,(1500)
* Motivation for low-mass fit: keep uncertainty in scalar sector
from introducing a large systematic
» Other: Standard uncertainties in time-dependent analysis;
largest contribution: conservative allowance for CP in background
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K*K-K% Q2B Parameters

Results of DP fit translated to C and S using:

20 July 2007

C = —Aep, and
1-b
—nS = T sin(20e ).

CT

—nS

Whole DP

0.015 £ 0.077 = 0.053

0.647 £0.116 £ 0.040

High-mass

0.054 £ 0.102 = 0.060

0.764 + 0.111 F9.971

(1) KO
(1) foK®

0.08 + 0.18 £ 0.04
—0.41 + 0.23 £ 0.07

0.21 £0.26 £ 0.11
0.25 £0.26 £ 0.10

J. M. Thompson - EPS 2007
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B> p°K.: Systematic Errors

20 July 2007

S C N
Mis-reco’d events and fit bias 0.12 0.09 10
PDF uncertainties 0.13 0.18 2
Tagging parameters 0.02 0.01 -
Neglect of intereference 0.14 0.09 7
p" mass shape 0.07 0.05 3
B Background BF 0.02 0.10 13
C'P of background 0.04 0.00 -
Tracking efficiency & B counting - - 6
Total 0.24 0.20 19

J. M. Thompson - EPS 2007

TABLE II: Summary of contributions to the systematic error,
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