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General introduction

« The BaBar detector and dataset
« Common analysis techniques

« T1me dependent analysis and flavor tagging

Eli Ben-Haim CKM Workshop, September 29th 2012



The BaBar detector and dataset

DT 15 ¢ s ese e e LS00

Magnet 1.5T

/

& o eeV)

Instrumented
flux return

e+

ooV)

Drift Chamber I

Detector of
Cherenkov light

Electromagnetic calorimeter (EMC) |

Eli Ben-Haim

BaBar in operation: 1999-2008

All analyses presented use the
full BaBar Y(4S) dataset:

> 432 fb! at the Y(4S)

- 467M BB pairs
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Common anaIyS|s technlques
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Background characterization:
= Mainly continuum: e"e—qq (q = u,d,s,c).
Suppression by multi-variable classifiers based
on event-shape variables:
Fisher discriminant, Neural Networks (NN)...

Topology:

Angular
distribution:|®

ete” — T(45) — BB

Pn~300MeV/c

"(1‘5_)_(1_<

I.=0-> P-wave

e v(17) - a
AR

q
J=1/2 - S-wave

- Background from B decays: classified by
kinematic and topological properties

Variables are often combined to a likelithood function, used in a maximum likelithood
fit for signal/background separation and to measure parameters of interest

Eli Ben-Haim
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Time dependent measurements, flavor tagging
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/ '@l B-Flavor tagging

charge of leptons, K,

Exclusive

i
t _
rec B meson
M"»@ T reconstruction
I
_ 7T+
BB Almost at rest in the center of mass H
Boosted in the laboratory .

By~0.56 rec tag ~
At ~ 13 = 1.5ps & Az ~ 250um
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CKM angle B

s With the “Golden .

Mode” (B — J/y KY%): " {b - cHuty /Dll;m

“Golden” because there is w < 0 fop
~only one decay amplitude d 3t K !Vllxmg

_TIB° > JIyK](At) — T[B° > J/yK (A [d].: B
Aor(A0Z T[B° — J/wK (A [B° — J/wK,](A 'gsm(mdt) %'COS(A"W)

)
indirect direct
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B from b—qQs

« Time dependent CP asymmetry in B® - K KK¢
arXiv:1111.3636 [hep-ex], Phys.Rev.D85:054023 (2012)
(in the same paper: amplitude analysis)

« CP violation in amplitude analysis of B - K"K K¢

arXiv:1201.5897 [hep-ex], Phys.Rev.D85:112010 (2012)
(in the same paper: B"— K'K'’K"and B" - KKK")
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sin2f from b—2>s pengums

" W1th1n the standard model (SM)
Sces = Sqgs T ASsy = Ncp Sin2f

Theoretical prediction for ASgy,

qqs 07,0,,0 ‘
. K.K.K ( : ) 66 99
CcEs = ch_ls =07 S 9@"@@@ _________
. . . _ 0 0
(dominant phase is the same as in b=>ccs) 080K s Not including LD amplitude
q kK’
q Standard :
S 4 Model PO K' _
. 5 e ol
contribution 0 é
0K ‘
= New physics in the loop may cause deviation 'K, '
in the values of S and C. ¢K° """""""""
; o « New Physics I - ‘
— ,“~ NQA“ _ = = (AT NSRRI N NRN A [T R SRR
b—" b & s —35 contribution 02 0. 0- 01 02 03
(gdz ) I QCDF Beneke, PLB620, 143 (2005)

[N SCET/QCDF, Williamson and Zupan, PRD74, 014003 (2006)
. DeﬁnltlonS: I QCDF Cheng, Chua and Soni, PRD72, 014006 (2005)

B SU(3) Gronau, Rosner and Zupan, PRD74, 093003 (2006)
A.S = Sezs ™ Sqgs Precise predictions allow for
Sin2f8 r = Nep Sggs powerful tests of the SM



sin2f from b—2>s pengums

Wlthm the standard model (SM)

Scés - Sq

CcEs = ch_ls -

0

= Ncpsin2fs

(dominant phase is the same as in b—>c¢cs)

ol

gnes8S~—__

W+

“v a0

Standard
<4 Model

contribution

New physics in the loop may cause deviation
in the values of S and C.

(L]
.....

Definitions:
AS = Scés

-S
sin2f ¢ = -Ncp S s

qqs

> New Physics

contribution

In 2004

BABAR 04

0.722 £0.040+ 0.023
Belle 04
0.728+0.056+0.023

Charmonium

0.726+0.037
BABAR 04
050+0.25" 00
Belle 04
0.06+0.33+0.09
BABAR 04
0.27+0.14+0.03
Belle 04
0.65+0.18+0.04
BABAR 04
095" 02 +0.10
Belle 04
—0.47+0.41+0.08
BABAR 04
035" 5 £0.04
Belle 04
0.30+0.59+0.11
Belle 04
0.75+0.64" 010
BABAR 04
055+0.22+0.12
Belle 04

+017
0.49+0.18” /1

oK®

<

ke KM

o

COKS

owy

KKK

Average (charmonium - all exps.)

0,,0,,0  Belle 04
KsKeKs | 726106820160 i

Average (s-penguin)
0.41+0.07
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Tensions between sin2 3 from
b—>cCs and b=2>qqs (AS < 0)
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sm2[3 from b%s pengums

The situation today 1s quite different

= Fresh sin2f world averages (HFAG): b—cTs ﬁ Eoﬂond 3}
- 0 68 + 0 02 PRELIMINARY
b—ccs: 0.68 0. bSces World Ajerage * F 1 osezooz
Qe + “val 3, BaBar : : 0.66£0.17 £0.07
b—qqs: 0.64 = 0.04 (naive!) < Bole | : 0.90 1393
- Improvements: °¥ BaBar : : 0.57 £0.08 +0.02
= & Belle . ' 0.64+0.10+0.04
M M . M M ' ' +0.21
e hints of trends/deviations in previous  BaBar -k T 0.94 753, £ 0.06
) ] - Belle ! e © 0.30+0.32 +0.08
measurements clarified by B factories | . * BaBar : ' ' 0.55+0.20+0.03
. % Belle : { 0.67 +0.31 +0.08
e several results from (Time Dependent) o BaBar il 0.35°9%5+0.06 +0.03
. °c Belle : 84 %512+ 0.09+0.10
Dalitz Plot analyses o BaBar | - oss 83002
. . . . 8 Belle : 0.11+0.46+0.07
s Still... minor tension persists o BaBar | 074701
-~ Belle : 0.63 *515
f, Kg BaBar ! 484 0.52+0.06 + 0.10
fo BaBar : 20+ 0.52+0.07 £ 0.07
n n° K, BeBar—— { 1-0.72£0.71 £ 0.08
¢ n° K, BaBar ‘: ! 0.97 *05
Results presented here I, NRaBar — % £03140.05+0.09
. X BaBar 0.65+0.12+0.03
marked with ¥ Belle ; ; 076312
b_,qq§ Naive average H "E 0.64 +0.03

-2 -1 Bo>q{s 0 T 1

2
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BO —> KS KS KS B? — KKKy

~overview and motivations

= Small theoretical uncertainty = Comparison w1th b%ccs 1s more meaningful
= Low background level (difficult to “imitate” 3 K%)

K 1s long lived < no tracks

Inclusive time dependent analysis emerge from the B decay vertex

to extract CP asymmetries S and C
BO—3K%(m*m)
BO—2K%(m*m) Ko (n°n?)

CP=+1 eigenstate = possible

s Maximum likelihood fit, using: Pl (At OAL: Grag, €) =
|At]/Tgo
mgg, AE, Neural network and At 4—3 {1 F e Af)
27po 2

+Gtag(D)e [8 sin(AmgAt) — C cos(A'm.dAt)] }

®@ Rsig(At,0a¢).

Eli Ben-Haim CKM Workshop, September 29th 2012 12



B? — KKK

Results
Cep %1 Signal yields:

| 201+ 1¢ BO3K(n*r) (Purity = 40%)
04

62+ 0 B'—2Ko(mtm) Kog(mom?)

éphysical boundary may

2 2
o2 | S +C° =

Confidence level contours (C, .5)

00.5— -5
I B—cCs
[ 4
B *
o 3
-io 02 04 06 08 1 S i 2
Contours give -2A(In L) = Ay? = 1, corresponding to 60.7¥ CL for 2 dof cp -0.5—
_ 0.24 Ty 1
§=-0.94+ 2 (stat.) £0.06 (syst.) i b’ ohysical boundary
C=-0.17%0.18 (stat.) £ 0.04 (syst.) 45 a4 w05 0 _ 0

First evidence of CPV (at 3.80)

Eli Ben-Haim CKM Workshop, September 29th 2012 13



B — K'K'K; B0 KKK
~overview and motivations

RS AR Ry P Er s pesssssrressst o e—

= Time dependent analysis to measure the effective 3
—> includes K¢ (small theoretical uncertainty)
- not a CP eigenstate! CP content depends on the intermediate state

s Dalitz-plot (DP) analysis to separate intermediate (resonant) CP eigenstates

s DP structure of B-—»K*"K'K* and B*>K(KK" used for B*->K*K-Kg
—> Large sample (5269+84 signal events, purity = 43%)

—> 2 K in the final state: helpful to study the nature of broad f(1500) >

(For details on B*—K*K'K* and B*—KgKsK*: Eugenia Puccio, WG V, Sunday morning)

s Direct access to phases: no trigonometric ambiguities (next slide...)

= Reconstruction of both Kq—n*n~ and K—n’n’

Eli Ben-Haim CKM Workshop, September 29th 2012 14



o A
m2
s FEach intermediate resonance in P 2> 123 23

appears as a structure in the DP according to its
mass, width and spin

s Parameterization of intermediate state amplitudes:
/i ~ X ¢; F(m?)3,m?);)
A ~X G F(m?5,m%y)

B decays
B decays

complex e.g. Breit-Wigner

dr | 1 e 1Al/Tp

Dalitz plot and the isobar model

B0 — K*KKqg

“Cartoon” DP
3
dm,, dm,; o< d_p
spin=0
spin=1

dsypdsydAt (2m)P32m3, drg

X[IAP+| AR -0 —2w)(| AP -] AP

Superimposed resonant

2
m-;

contributions
XcosAmygAt+Q(1—2w) > Interference
X2Im[e~ 28 A A*]sinAm At], > access to phases

Directly extracted parameters: isobar amplitudes ¢;
Other parameters (S, C, A, phases, Branching

Fractions) are computed from them
Eli Ben-Haim

CKM Workshop, September 29th 2012

with no ambiguity such as
sin2f3 .= sin(180° - 23 ¢)

15



B0 — K*KKqg

Determlnlng the signal model

. Pr10r to ﬁttmg CPV parameters the nomlnal DP models are estabhshed

—> CPV parameters set to the SM ones
- Legendre polynomial moments vs invariant masses, used to compare data and fit

1
(Pe(cosBy)) = [ dI'P¢(cosf3)d cosbs
~1

s K'KK™ ¢(1020), £,(980), £,(1500), £,'(1525), £,(1710), %0, poly. NR Best
s KJKK™:, £,(980), £,(1500), £,'(1525), £,(1710), %, poly. NR fits
In the 3 modes: no need for the f,(1500)
good descrlptlon with £,(1500), f,'(1525), f,(1710))

e e T B B
£,(980), £,(1500), £,/(1525), €%
£,1710), %0, poly NR (5) D’ :
£,(980), £,(1500), £,(1710), =

0.03 ¢ f0(980) f0(1500) f (1525) Aﬁ%
0.02 fo(1710), e, poly NR (S+P) D/
. {' ¢, £,(980), f(1500), f,(1710),

0.01
L

Ye0o €Xp NR Ye0» POly NR (S)

A, -
[ 0 ]
v ]
001 I i +++++*-
-0.02 —i ++ '_T_‘ + E
0.03 ]L K'K-K* E ++ KSKSK+ E
L1 ]IS [ B R 5 L1 2I5 Lo ; Lo 3I5 L ] L1 11.151 L1 é L1 12.151 L1 3] L1 13.]5| L1 ‘; L1 |4~|5| L
My o, (GEVICT) my x, (GeV/c)
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Results

—oe AR o e A P A PP I P e e o r—

Ny, = 1579446 (Purity = 18%) sof T
— Signal
BF = (25.4+0.9+0.8)x 10 [,,K excluded] T 50 e secons
h S 300
B.i(OKg) = (21£6+2)° < most precise Agree g g
) >with SM ?5* 150
Ber(foKg) = (18+£6+4) @ 100
B.s(non-¢, non-f)) = (20.3+4.3+1.2)° 53
90°-B.¢ excluded at 4.8c (ambiguity in JAyK) 925 2l 928 529

myg (GeV/c?)

Four local minima within 9 units of -2InLL (mostly degenerate in )
lp—r—— 7 7 13 € > 1

LA L B I L B B R BB |

0.8;— OK — different os — | (Inon-ld))K]S |
06 £ ? E CP 0.6
04 = 04 F

£ o2

T | content & o2f )\K
= of B m E 0 ——=
Z02F \o-% : Z02f Nf/
04 F : 04 F

lllllllllllllllllll—

06 E 06
08 F —— E 08
g e e b e b b b B 1 e 3 ) T U RSN EERUIN BN SN B R

o0
[=))
A
r
(=]
&}
~
[=))
o0

-8 -6 -4 2 0 2 4 6 8
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B from b—ccd

« T1me dependent CP asymmetry of partially reconstructed
B? - D*'D™ decays
arXiv:1208.1282 [hep-ex]
(Submitted to Phys.Rev.D)

Eli Ben-Haim CKM Workshop, September 29th 2012 18



B® — D™D*

sin2f from B? — D*D™ decays

T T e L LT L S SRR e

s In such b—ccd transitions, M
TD asymmetry is a measure d b - d

t.c,u g B
of S, = n sin(2P), provided that W c c
b > & c

contribution from penguins

can be neglected. d . d d . d

s VV final state = admixture of CP=+1 and CP=-1 amplitudes.

= Theoretical calculations based on factorization and heavy quark symmetry:
in the SM penguin contributions lead to corrections of ~few % to the
determination of sin23 from the TD CPV asymmetry

Z. 7. Xing, Phys. Lett. B443, 365 (1998).
7. 7. Xing, Phys. Rev. D61, 014010 (1999).

= Large deviation in S, with respect to that measured in b—-cCs transitions

could be an indication of physics beyond the SM
M. Gronau, J. L. Rosner and D. Pirjol, Phys. Rev. D 78, 033011 (2008).
Y. Grossman and M. P. Worah, Phys. Lett. B395, 241 (1997).
R. Zwicky, Phys. Rev. D 77, 036004 (2008).

Eli Ben-Haim CKM Workshop, September 29th 2012 19



Analysis strategy BY— DD

_partial reconstruction

I VAN N AT NN o= 3 A P P ST P v = o - Tor—

= Angular analysis needed to separate CP eigenstates
(possible with fully reconstructed events).

s BaBar and Belle full reconstruction analyses measured the CP even component
CP parameters S, and C,, and the fraction R ; of CP-odd amplitude:
R =0.158+0.028+0.006

s In a partial reconstruction analysis, we measure average S and C parameters
which are related to C, and S, by the relations C=C_ and S=S_(1-2R ;)

Fully reconstructed D*

0 utagu : : EO uCPn

—> One fully reconstruct one D*
—> Match reconstructed D* with a slow
pion of opposite sign
—> Powerful discriminating variable:
recoiling D% mass m,,
—> Another useful extracted information:
missing DY direction

un-reconstructed D¥, use only slow pion

= Pros: gain in statistics (with an almost independent sample)

Cons: Higher background, larger systematic uncertainty
Eli Ben-Haim CKM Workshop, September 29th 2012 20



| O *+ *
Analysis strategy B°— D"D
Variables and maximum likelihood fit -
s« Recoil massm,,,: G000 T
. > E3kd 23 TS SIS 28 3 +
- Signal peaks at D? mass 2 ;.ﬁ'*:,w*:ﬁjﬂ "‘;@ 1
= Other fit variables: Fisher discriminant, At 2200~ @ Sum T
z | @ BB T
@ Signal
L o : 1000 ]
s Additional dilution due to tagging tracks @ oo MC everﬂf -
from unreconstructed DV. = - "wm"ﬂmm
Oy T 845 s 155 186 1865 187
m,, (GeV/c?)
. isher15 - on Peak |
s Separate fits to two categories: Lepton or K f;o(,:,s_ A R
s« Three stages in fit: < 7000 o e BB+sig
. . . . £ 000 : .. @9 S
o Kinematic fit (variable shapes, signal 2 000 X ; @ Sum -
fraction) 4000} o =
= # - =
e Determining the mistag probabilities; zzz_ . E
determining the additional dilution 10002_ 1 E
(unreconstructed DY) from data. P T
e Time dependent fit, to extract the CP F
parameters S and C
Eli Ben-Haim CKM Workshop, September 29th 2012 21




Results B - DD~

‘Kaon tags

Kinematic fit Time dependent fit
[mRee - on Peak | [Fisheri5 - on Peak |
mnec_ On'peak ||||| TTTT TTTT TTTT TTTT ;-Lsohoer15 Ionpleakllllllllllllllll |||||||| ]|||||||| ?22(”;] T T I L T I T T I T T |'| T T T I T T T l T T T l T T I—:
%000: Q2000 0 v\ BABAR preliminary=
S800F - F B E
s T 1800F - ]
+1400F . ] C -
So0of Sum € 1400 E
S @ BB > 1200 =
~ C . m C -
200- @D Signal 1000~ E
5600;— . qq 800 =
123400F 600F- =
2005— 1 1 L | I 4(X);_ —;
0="184 1845 185 1855 186 1865 187 105005115 2 2 . 2005 =
. . S e o N Lvov o by v by gy |y f I =
BABAR preliminary L R R ) 4 3 3
[miRec - Off Peak |
mnm_ o"lpemlllll TTTT TTTT TTTT |||||_ Flsl':ler15 |°"P|.kl ||||||| |||||| |||||||| ]||||||||J_ At pS
o [ 1 ]
< 50 N : 025
ot © 60 = s. 25F T | | | T L R
> f p ] = E
Q o o 02t -
o 0 N = E F E
~ r —]
5 » 1 g o015 -
S 30 ‘= 40 3 > 01E E
S 9 T & F E
o w 30 ; 0.05F E
0 20 . - RV E
e F 20 3 0F ] =
2 10f : 0.05E+ 5
TR 10 = TR 3
- 2 0.1F —— |
3| ISP ISP PRI IPPATI UPUATS I I - 0 . iy = - 3
184 1845 185 1855 186 1865 187 105005 1 15 2 2. S 4 0.15F E
C +0.12 + 0.11 02F BABAR preliminary E
— . . NN B BTN N S B | 3
0B "6 4 2 0 2 6 8

S =-0.42+0.16
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Results B - DD~

Kinematic fit " Time dependent fit

mRec-OnPeakl Fisher15 - on Peekl
N F T Ill}:llllllllllllll||I||||I— : Illll]lllllllllllllIIlIIlIllllIllll P — T T l T | 'l T T T | T T T I T T T l T -
Q7% E & 700E RO ~. BABAR prellmlnary
> E : — ! X
®600F 3 - -
O 3 ~ 600
5 @ Sum E £ s00f
O. J— 1 c 500_
Sw @ BB : §
o @ Signal :
&200F 300F
> F =
W ook 200F

0184 1845 185 1855 186 1865 187 T05005 1 15 2 2 100¢

BABAR preliminary 06 4 2

"‘“e"_'o""“"l....,....,....,.... S Fisher15 - offPeakl e
N E 3 [Te} 7_ I -

8E 3 b
1) E - I > 0-25¢ | | | | |
S 7E 4 S 6f - C | E
8 c 1 © o 02F
- °F E E 0.150 E
8 S5F b 3 E F > 01:_ - -
d ] o 4: 2 ——
g 4 e mo _E ﬁ 3: 005 //_ —o— | 4

] 2F TQ

3 2 Ll —E F 005 Z/ N:"—_;"}/—

iy %i LhE o 1T —

Cu [ fiud { I C

O 84 1845 185 1855 186 1865 137 0 ; 0.151 =

02 BABAR preliminary E
C:+020:l:015 _0.25:|1|111||1|l|1|l|11|111|1|1|1|

S = —0.21+0.20 ot At (ps)
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0 *
Results B”— D™D
Combination of kaon and leptontags -
Inclusive combination (prehmlnary) D*" D* CCP 1FAC
PRELIMINARY
C = +0.15 4 0.09 & 0.04 T
S = —0.3440.12+0.05 o e coae: (0
rt. rgc. 15+0.09 + 0.
Assuming negligible penguin v tzonize2 | | T
ibutions: Bell -0.15+0.08 % 0.
co;ltrlbustlorés. ) Belle, 0.15+0.08 % 0.02
oL, T A -0.01 +0.
S+: S 1 o 2R | H;/fGracgr?elated erTeEa o’
+ ( J_) ’ -0.4 02 0.4 0.6
then using!!! R, =0.158 + 0.02 D** D* S 1FAC
PRELIMINARY
— -2 "“':“" + +
C_,__— +0.15 £ 0.09 £ 0.04 % E;E;r’ . (20059) | | |, 070016 00:3
S+ = -0.49+0.18 £ 0.07+ 0.04 é' BaBar part. rec.é | 04 +0.18 +0.07 + 0.04
stat. syst. R arXiv:1208.1282
! = = Belle || K 10.794013+0.03
The result is compatible with the latest (fully 1:2::07'56“ 5 s
ge Lo -0.71 £ 0.09
reconstructed) from BaBarl'l and Belle!?], and HFAG correlated aveiage [ %] ¢

in agreement with SM predictions

Improves previous BaBar errors by ~20%

Eli Ben-Haim

CKM Workshop, September 29th 2012

[1] B. Aubert etal. (BABAR collaboration), Phys. Rev. D79, 032002 (2009) ;
[2] B. Vervink et al. (Belle collaboration), Phys. Rev. D80, 111104 (2009).;
Belle Collab. EPS 2011 Preliminary
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Eli Ben-Haim

Summary and Conclusions

[ I———

s BaBar continues to produce physics
results, adding more information and
using more sophisticated analysis

techniques to improve the precision of

measurements in hadronic B decays

All measurements of P presented here,
in b—qQqs and b—ccd processes, agree
with 3 in b—cCs processes (standard
model prediction)

Larger samples are needed to push
further the comparisons with b—ccCs,
and tell whether or not there could be
indications for new physics...

'\ D
g Superp V=
) -

sm(ZB ) =

(2¢1 )@

PRELIMINARY
b—ccs World Ayerage 0.68+0.02
3, BaBar i * 1066+ 0.17£0.07
> Belle : : 0.90 “g s
U BaBar : ' 0.57 +0.08 +0.02
= Belle 5 ' 0.64+0.10 +0.04
’{, BaBar L e +— 0.94 02, +0.06
< Belle —— * 0.30 +0.32 +0.08
¥ < BaBar : ' 0.55+0.20 + 0.03
% Belle 5 { 0.67+0.31+0.08
& BaBar e 0.3;5 028 +0.06 +0.03
°c Belle ; 6847032 +£0.09+0.10
& BaBar : ; 0.55 *32° + 0.02
8 Belle : : ; 0.11£0.46 +0.07
& BaBar : 0.74 515
~ Belle : . 0.63 013
f, Kg BaBar ! ; 484 0.52 +0.06 + 0.10
K,  BaBar ‘: § 20 £0.52£ 0.07 +0.07
n n° K, BeBar - i 1-0.72+0.71£0.08
on’ K BaBar 0.97 0%
n" K, NBaBar — 0.0130.31+0.05 +0.09
N : :
BaBar : * 0.65+0.12 +0.03
x H : +0.14
;. Belle : ; 0.76 "5 1s
b—sqgs Naive average H 0.64 +0.03
2 -1 0 1 2

Y& contribution from analyses shown here

CKM Workshop, September 29th 2012
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Backup

CKM Workshop, September 29th 2012
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More on B-Factories

» Data taking periods over for the B-Factories
In April 2008 for BABAR
In June 2010 for Belle

 Qutstanding luminosity records
BABAR: 433 tb" @ Y(4S) + ~54 fb-1 40 MeV below
Belle: 711 fb! ~100 fb-

(fb™")
== —
Belle BIE R | | | . 2
e [—xexs ; >1ab'
T On resonance
| Y(8S): 121"
1500 - Y(45): 711"

PEP-II
Rings ™

Positrons

- Together: .
_ 9 1 ; Y(15):6 0"
e >1.2x10° BB

Off reson./scan:
500: ‘/J t r4s):433 M
Electrons | F i

Low Energy Ring
BABAR Detector

~100 "
Y(3S): 30 b

Yi2s): 14"
Off resomance:
Wb’

High Energy Ring 0 EETEO By Bk LSS elovl A

~ R >Y(4S) scan: 4 fb™!
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B® — K K KO

TABLE VI: Summary of B-background modes included in the fit model of the time-dependent analysis. The expected number
of events takes into account the branching fractions (B) and efficiencies. In case there is no measurement, the branching fraction
of an isospin-related channel is used. All the fixed yields are varied by +100% for systematic uncertainties.

Submode Background mode Varied B [x107°] Number of events
B - 3KZ(ntn™) KSK2K?Y no 2.4 0.71
KSK2K™° no 27.5 9.55
KSKSK+ no 11.5 4.27
BY — {neutral generic decays} yes not applicable 21.7
Bt — {charged generic decays} yes not applicable 15.5
B = 2K (nt ™)K (m°n") K2K2KY no 2.4 0.67
KSK2K*° no 27.5 5.3
KSKY K0 no 27.5 0.3
KOKOK+ no 11.5 2.9
KSKSK™™ no 27.5 7.2
B° — {neutral generic decays} yes not applicable 73.6
BT — {charged generic decays} yes not applicable 73.8

Species 3K2(ntm™) 2K2(ntm™)K2(m°7")

Signal 201 +1¢ 62715
Continuum 3086 756 7086 5,
B*B~ bkg —54%2 45 %55
B°B° bkg 9+31 475
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TD analysis B0 — KO K%K’y
B decay vertex and K reconstruction

e — AP FIE IO ET |

There are no charged particles coming from the primary vertex: no direct tracks

Reconstruct vertex using charged pions from Ks0 decay

Ensure quality of vertex by using
only events where both pions of at _
least one K ° have hits in the strips 3 inner layers

in both dimensions 1n the vertex
detector (SVT).

Good quality K : :‘ j

hits in both dimensions in 3 inner
layers (class 1)

hits in both dimensions but not 1n 3 )x

inner layers (class 2)

Bad quality K :

hits 1n only one dimension or no
hits (classes 3 and 4).
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TD analysis B K% K’ K

B decay vertex, K% reconstruction, At measurement

A N D NN

A P A PP I P e e

—+— Total

e A Leas 1 Cass | At PDF is convoluted event by event

[ At Least 1 Class I with resolution function.
[S55555] No Class I, At Least 1 Class |1

10*

10°
This function takes into account the
error cAt .

Rule of thumb: An average (signal)
event contributes to the
measurement when the error 1s
s smaller than the lifetime of the B.

o(At) [ps]

10?

10

Average B lifetime
Tail, core and outlier G(aussians)

- ~ T
R(6t;0A0)=(1-f .~ f,)G(61,50 aAt,s" cAi)+f, G815 001" 0A)+f, G615 s )

core core fai fai * “out? * out

out

Usually the resolution function can be taken from B—cCK(*) analyses, as when there are direct
charged tracks from the signal B decay;, it 1s tag-side dominated. Here we take it from simulation
and assign a systematic uncertainty for simulation-data differences (see later).
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B® — K K KO

TD analysis: systematic uncertainties

N VAV D AT N NN e, —r—

Source S C

MCgtat 0.002 0.001
Breco 0.004 0.003
B-bkg 0.032 0.012
MC-Data: At 0.045 0.027
MC-Data: Discr. Vars 0.021 0.004
Fit Bias 0.022 0.018
Vetoes 0.006 0.004
Misc 0.004 0.015
Sum 0.064 0.038
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T AR

fo(980)K$  Fit Fraction (FF) 0.44 515

Significance |o] 3.0
fo(1710)K% FF 0.07 T5.0% H
Significance |o] 3.3 uge
£2(2010)K% FF 0.0070%" destructive
Significance |o] 3.3 interference
NR FF 2.16 103
Significance o] 8.0
N l0 FF 0.07 7008 |
Significance |o] 3.9 m
Total FF 2.84 To ek
5 (*inclusive) Branching fractions (B)
Mode B [x107 PDG:
L
Inclusive BY — KYKOK?Y 6.19+ 048 +0.15+0.12 |6.2 £ H

Fo(980) K9, f5(980) — KOIKY
fo(1TI0)KY,  fo(1710) — K9KY
£2(2010)K9,  £2(2010) — K9KY
NR, KOKOIKY

2715 +£04£1.2
0.50 5098 £0.04 £ 0.10
0.54 7028 £0.03 4 0.52

1337224 06+2.1

Yo K3, Neo — KK 0.46 725 £ 0.02

Consistent with other measurements
Eli Ben-Haim

j:().Ql)

CKM Workshop, September 29th 2012
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Results of the amplitude analysis

BY — KKK

18

A

20

22

max

0
24
[GeVZ/cY]

120

100
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B® — K K KO

Likelihood scans

220 E 220 E 220 T T E 20 3
£18 = £18 3 E18 3 S48 3
16 = Q16 3 16 = 16 3
14 = 14 3 14 = 14 3
12 = 12 E 12 = 12 3
10 g 10P = 10E™, = 10 3
8 = sf 3 8E % 3 8F . E
= 3 F 3 E " = F - b=
6 3 6 E SE % 3 6F . =
4; T ; 4; X x ; 4; ; 4; 'v“-
2E 3 3 2F . E 2E \‘\ / 3 2F “.
E P S L ' N = | E A-l....l....l....|....|....|u|-
G027 04 U6 08 1 12 14 Y3 2 K] 0 1 ) 3 % 0.002 —0.004 '3 - 1 1
Mag fo(980) [arbitrary units] Phase f,(980) [rad] Mag f2(2010) [arbitrary units] Phase f,(2010) [rad]
E 220 E E 420
3 E1s€_ 3 3 S18fy : =
ERE 3 : 3 ng_ .3
3 " 4 [— o~ 3 145 % . 3
3 12 53 3 12F % . 3
10 '-. = 10;— -_ -.' 3 —E 10;— - —g
B % 8 3 3
6E % E SE . 3 E af . E
L a— E 4t = E 3 : : 3
305_ R f —E EE—, 1 i ] -"u_p': I I_E ') 2 8 € gz_' L l‘.h‘h.. ‘q} i 3
TN R R R 7] R S L R At 0.02 0.040.06 0.08 01 012 0.14 3 2 K] 0 1 2 3
Mag f (1710) farbitrary units] Phase f,(1710) [rad] Mag ., [arbitrary units] Phasey,, [rad)
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Other B — 3K modes

Signal model

R— — o P P NN R oo S P 5000 o

TABLE 1. Parameters of the DP model used in the fit. Values
are given in MeV(/c?) unless specified otherwise. All parame-
ters are taken from Ref. [ 14], except for the f((980) parameters,
which are taken from Ref. | 15].

Resonance Parameters Line shape

¢(1020) mqy = 1019.455 = 0.020 RBW
'y =4.26 = 0.04

f()(980) mgy = 965 = 10 Flatté

g, = (0.165 = 0.018)GeV?/¢*
gx/gr =421 =033

Jo(1500) my = 1505 = 6 RBW
F() == 109 + 7

fo(1710) my = 1720 = 6 RBW
F() - 135 + 8

f5(1525) my = 1525 *5 RBW

F() — 73i2
NR decays See text
X0 my = 3414.75 = 0.31 RBW
F() — 10.3 + 06
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Interference fit fractions

Other B — 3K modes

TABLE XVIIL Values of the interference fit fractions FF; for B — K"K K", solution L. The diagonal terms FF;; are the
ordinary fit fractions FF;, which sum to 272%. The NR component is splitinto S-wave and P-wave parts for these calculations. Values

are given in percent.

(10200 f5(980)  fo(1500)  f4(1525)  fo(1710) Yeo NR (S wave)  NR (P wave)
¢(1020) 12.9 —0.1 0.0 0.0 0.1 —0.0 —7.4 8.2
f0(980) 27.2 —4.7 —0.0 —5.4 —1.0 —0.8 —3.7
fo(1500) 21 0.0 23 0.1 3.1 —0.8
f5(1525) 2.0 0.1 —0.0 —0.0 0.7
fo(1710) 32 -0.1 —13.5 49
X0 32 33 —1.8
NR (S wave) 151.4 —155.0
NR (P wave) 69.4

Eli Ben-Haim

CKM Workshop, September 29th 2012
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Interference fit fractions

Other B — 3K modes

TABLE XX. Values of the interference fit fractions FF; for B — K{K{K ™, for the global
minimum. The diagonal terms FF; are the ordinary fit fractions FF;, which sum to 345%.

Values are given in percent.

f0(980)  fo(1500)  f£4(1525)  fo(1710)  x.o  NR (S wave)
£0(980) 139.0 ~19.2 0.0 -124 ~1.0 —217.0
fo(1500) 4.0 —0.0 4.1 0.2 95
£4(1525) 5.7 —0.0 —0.0 —0.0
fo(1710) 45 0.1 9.2
Yo 5.0 —0.0
NR (S wave) 186.5

TABLE XXI. Values of the interference fit fractions FF ;. for B — K*K‘Kg, for the global minimum. The diagonal terms FF; are
the ordinary fit fractions FF;, which sum to 188%. The NR component is split into S-wave and P-wave parts for these calculations.
Values are given in percent.

&(1020) £0(980) £o(1500) f3(1525) fo(1710) Xeo NR (S wave) NR (P wave)
&(1020) 13.1 0.0 0.0 0.0 0.0 0.0 0.0 0.2
f0(980) 26.3 0.1 —-0.0 14.4 -0.7 —81.2 0.0
fo(1500) 2.1 —0.0 5.3 —0.1 —0.7 0.0
f4(1525) 0.5 —0.0 0.0 0.0 0.0
fo(1710) 16.7 -0.2 —27.0 0.0
X0 3.4 1.6 0.0
NR (S wave) 114.5 0.0
NR (P wave) 11.7

Eli Ben-Haim

CKM Workshop, September 29th 2012
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More results

Other B — 3K modes

S i e

TABLE VIIL. Branching fractions (neglecting interference), CP asymmetries, and CP-violating phases [see Eq. (11)] for B* —
K"K K". The B(B™ — RK™) column gives the branching fractions to intermediate resonant states, corrected for secondary
branching fractions obtained from Ref. [14]. Central values and uncertainties are obtained from solution I. In addition to quoting
the overall NR branching fraction, we quote the S-wave and P-wave NR branching fractions separately.

Decay mode B(B* — K"K K')X FF)(10°%) B(B* — RK*)(10°%) Acp (%) Ad; (deg)
d(1020)K* 4.48 +0.22°03 9.2 +0.4%01 128 +4.4 + 1.3 23 + 13%
fo(980)K ™ 94+ 16*28 —-8§*+8+4 9+7*6
fo(1500)K™ 0.74 = 0.18 = 0.52 17+4+12

fA1525)K 0.69 =0.16 = 0.13 1.56 + 0.36 = 0.30 14+10*+4 —2*6*+3
fo(1710)K™* 1.12 £ 0.25 = 0.50

YoK* .12 = 0.15 = 0.06 184 =25+ 14 —4*+13+2
NR 22827 *176 6.0+44+*19 0 (fixed)
NR (S wave) 5233 + 27

NR (P wave) 24733+ 27

Decay BB" — Kg’f%K+) + " -6 TABLE X. Branching fractions (neglecting interference) for
mode XFF;(107) B(B" ~ RKT)(107)  p+_, KUK}K*. The B(B* — RK ™) column gives the branch-
fo(980)K* 147 28+ 1.8 ing fractions to intermediate resonant states, corrected for sec-
fo(1500)K* 0.42 + 0.22 = 0.58 20 = 10 = 27 ondary branching fractions obtained from Ref. [14]. Central
_f3(1525)](+ 0.61 +~ 0.21 fg:('}g 2.8 + (),9’_'33 values and uncertainties are for the global minimum only. See
fo(1710)K* 048705 +0.11 thf: fext for discussion of the variations between the local
XK 0.53 = 0.10 = 0.04 168 *= 32 + 16 minima.

NR (§ wave) 19.8 3.7 *25

Eli Ben-Haim
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Likelihood scans

Other B — 3K modes

o R i S -
LAY W L L O L L D B M B
. 1

25

ca Y b Y b b Ly

Finiafirial il il Saird> il infalrishieil el

-10 0 10 20 30
Acpl(6(1020)) (%)

FIG. 9 (color online). Scan of 2AInL, with (solid line) and
without (dashed line) systematic uncertainties, as a function of
Acp((1020)) in BY - KTK K™,

e Y L T L R N A L AL
0 [ ]
-~ 15 ]
2 N ]
E C ]
p<| L i
10 T e -
Sl ]
0 I AR I il R B
-20 -10 0 10 20
Acp (%)

FIG. 14 (color online). Scan of 2A InL, with (solid line) and
without (dashed line) systematic uncertainties, as a function of
Acpin BY — KJKJK*.

2A In(L)

25 T

20

Yl v b L b

Agyf (980) (%)

FIG. 10 (color online). Scan of 2A InL, with (solid line) and
without (dashed line) systematic uncertainties, as a function of
Acp(_f()(980)) in B+ i K+K_K+.

5
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2100 80 -60 -40 20 0 20 40 60 80
Acp(9(1020)) (%)
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Results (B+ —K*K- K+ : KsKsK") Other B — 3K modes

I T L e ]

E N, = _ 5269484 (Purlty 43%) CP(lncluswe) = (-1.7719, £1.4)%
& BF = (33.4£0.520.9)x10° [y, K excluded] | App(0K) = (12.8+4.4+1.3)%
(2.86 from 0, SM: ~ 0 - 4.7%)
Beneke, Neubert, Nucl.Phys B675,333 (QCDF) : Li, Mishima, PRD 74, 094020 (pQCD)
8 T T T T T T T T T T T T
E « Data . - T4 I L B L L L L L
°§ 23 ; %giggkgmund e ?E o120 :— “sPlot” in the + —~- B ?_z
e <0 5 = Continuum # E § 100 ;_ (I) reglon # - _;
Sk 80 |- =
S S ;
‘2 = E 40 — $ # =
5 O § 20E o =
100 . % B ,@ﬂg Qﬁ@*@i o
521 55 528 s 529 % 1 0 10 e 1oh 105 106
myg (GeV/c?) My 1o (GEV/CY)
+
X, N, = 632+28 (Purity = 20%) Acp = (4£5£2)%
in BF = (10.120.5+0.3)x 10" [y,K excluded]
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Results (B? — K KK*)

Other B — 3K modes

N, = 63228 (Purity = 20%)
BF = (10.1+0.5+0.3)x10 [y.,K excluded]

Agp = (4£5+2)%

I T T T I

20E . paa
200 - I signal
d&“ 180 E- 18 Background ~
> 160 E- == Continuum %
S o $
120 e
S 100 S
2 80 g
§ 60 @
m 40
20
0
5.26 5.27 5.28 5.29

Eli Ben-Haim

& & 8

[9%]
(=]
T

s o 8
TTTT T T IIT

-lO_III L1 1 1 L1 1 1 111 1111

CKM Workshop, September 29th 2012
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Other B — 3K modes

Systematlc uncertainties

TABLE XV. Summary of systematic uncertainties for B* — K+K K+ parameters. Errors on
phases, Acp’s, and branching fractions are given in degrees, percent, and units of 107°,

respectively.

Parameter Line shape Fixed PDF params Other Add resonances Fit bias Total
Ad((1020)) 3 | 0 2 2 4
Adb(f(980) 2 1 0 6 1 6
Ad(f5(1525)) | 0 0 3 | 3
Ad(x.o) | | 0 1 | 2
Acp((1020)) 0.2 0.2 1.0 0.3 0.7 1.3
Acp(f0(980)) 3 | 1 2 | o
Acp(f5(1525)) | 1 1 3 | -
Acp (NR) 1.1 04 1.0 0.8 0.7 1.9
B(h(1020)) 0.20 0.04 0.11 0.14 0.08 0.29
B(f,(980)) 1.2 0.1 0.3 2.5 0.4 2.8
B(f,(1500)) 0.06 0.02 0.02 0.52 0.02 0.52
B(f1(1525)) 0.05 0.01 0.02 0.07 0.10 013
B(fy(1710)) 0.08 0.04 0.03 0.49 0.05 0.50
B(x.o0) 0.01 0.01 0.03 0.02 0.04 0.06
B (NR) 1.0 0.2 0.5 74 0.3 7.6
B (NR (S wave)) 13 2 1 23 2 27

B (NR (P wave)) 10 2 | 25 3 27

B (total) 0.0 0.2 0.8 0.1 0.4 0.9
B (charmless) 0.0 0.2 0.8 0.1 0.3 0.9
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Systematlc uncertalntles

Eli Ben-Haim

Other B — 3K modes

TABLE XVl Summary of eystemam uncertainties for BY — K"K"K + parametem Errors on
Acp and branching fractions are given in percent and units of 10 6 , respectively.

Parameter Line shape Fixed PDF params Other Add resonances Fit bias Total
Acp 0 0 1 0 1 2
B(f,(980)) 1.4 0.3 0.3 1.0 04 1.8
B(f,(1500)) 0.05 0.03 0.01 0.57 0.04 0.58
B(f4(1525)) 0.06 0.02 0.02 0.07 0.03 0.10
B(fo(1710)) 0.06 0.04 0.01 0.02 0.08 0.11
B(xc0) 0.01 0.01 0.01 0.00 0.03 0.04
B (NR (S wave)) 1.3 0.6 0.4 2.0 0.2 25
B (total) 0.0 0.2 0.2 0.0 0.0 0.3
B (charmless) 0.0 0.2 0.2 0.0 0.0 0.3

TABLE XVII.  Summary of systematic uncertainties for B” — K" K~ K% parameters. Errors on
angles, Acp’s, and branching fractions are given in degrees, percent, and units of 1076,

respectively.

Parameter Line shape Fixed PDF params Other Add resonances Fit bias Total
B.i+((1020)) 2 ] 0 2 0 2
Besi(£0(980)) I I 0 4 0 4
Bess (other) 0.7 0.4 0.2 0.8 0.4 1.2
Acp((1020)) 2 2 2 2 3 5
Acp(f0(980)) 6 3 2 5 2 9
Acp (other) 1 1 1 2 1 3
B((1020)) 0.13 0.05 0.08 0.05 0.03 0.18
B(f,(980)) 1.3 0.3 0.1 2.0 0.1 24
B(f,(1500)) 0.04 0.02 0.02 0.10 003 012
B(f é (1525)) 0.02 0.01 0.00 0.15 0.02 0.16
B(f,(1710)) 0.3 0.1 0.1 04 0.1 0.5
B(xc0) 0.02 0.02 0.02 0.01 004 006
B (NR(total)) 2 | | 8 | 9

B (NR (§ wave)) 2 ] ] 8 1 8

B (NR (P wave)) 0.1 0.2 0.1 0.3 0.1 04
B (total) 0.0 04 0.7 0.0 0.1 0.8
B (charmless) 0.1 04 0.6 0.0 0.2 0.8
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B0 D“D*

FuII TD amplltude andR

1 a°T 9 1 )
I'dcos@idcosbyddydt 16 |Ag|? + |42 + |AL?

{2 cos? 0, sin? 6y, cos? Bur| Ao|?

+ sin? @ sin” 6, sin” e Ay |2

+ sin” 0; cos? 6 |A | |?

— sin? 6y sin 26, sin Gy Im(AﬁA 1)

1
+ —= sin 26 sin? Oy, sin 2¢; Re(AjA))

V2
—% sin 264 sin 260, cos oy, Im(ABAl)} \ (2)
where Ay, with &k = |[,0, L, represent time-dependent A 2
amplitudes given by RJ_ _ | |
o 0|2 2
Ax(t) = \/—Ak(o) —imt ,—t/27 go |A0| + |A + |A |
T+ M2
Am t . . Amdt CP — +1 fOI‘ AH ’ AO
x | cos + inSp Ak sin ) . (3)
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B —» D™*D"
PDFs -

- mr—

« Overall PDF for the on-Peak sample 1s the sum of three components
signal BB combinatoric

Pon = fB§ [fsigpsig + (1 - fSig)PCOIllb] + (1 - fBE)P(ﬁ Pot :qu

BB continuum

s Each component is the product of a kinematical and a At part
.Pi(?’)/rec, F, At. O-At. Stag) —
M (myec) Fi(F) T (At, 0 at, Stag)

“KIN” “At”
s At PDF: T;(At, O At Stag) — / dAttrue Tz’(Attruea Stag) ’er(At - Attruea UAt)

« Signal At: Tig = g e 1Atrel/m. {(1 — Stag Aw(l — a))+
+ Stag (1 —2w) (1 — «)
[C cos(AmgAtirue) + S sin(AmgAtipe))

N

2Sm(\) 1— AP
e ¢ T e N T

TR
| s

Eli Ben-Haim 44



B® — D™D*

Mis-tag due to unreconstructed DY tracks

B IS A 27 o mrr—

D* 4
/r D% K' TagKaon
* . Decay Side

s Partlal reconstructlon introduces an
additional dilution D = (1-a)), where a. 1s the
fraction of tags coming from the missing D°

NN
A

7'[:;:’

s This fraction can be obtained from data with
some input from signal MC

P.Reco B

s Can be reduced with a cut on the cosine of Tug = g5 e At/ {1 — Stag Aw(l — )+

the opening angle between the tagging track *Stag (1 - 20) (1 —a)
and the missing DO direction etag [C cos(AmgAtiye) + S Sln(AmdAttrue)]}
cos(Qtag) cut = 0.75 cos((tag) cut < 0.5
ILeptontagSfrOMDl "'I"'I"'I"'I"'Enl':li-lsag:‘ll)zol IKaontagstl’o'“!)I''I"'I"'I"'I"'I' 'E:hl'(;:g:?so
160 1000 —
“Yower” < 1 Data driven extraction:
F Ja=0.12 £0.04 (K tag)
600 1 a=0.00 +£0.02 (| tag)
; >

o} greater

200

03086 204 030 b2 04 06 08 1 e e T Y
coS((tag)
Figure 2.1: Signal Monte Carlo distributions of cos(d,g) for tracks from the missed D° (black) and

from the other B? (red); lepton tags on the left, kaon tags on the right. 45




BY — D**D"

Event yields
+# of events
kaon tag lepton tag

on-peak 61179 20855
off-peak 1025 51
continuum 9814 £ 307 4 196 488 4+ 68 £ 10
BB 51365 4= 364 20367 4 69
Nsig 1129 + 218 3843 + 397
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Systematic uncertainties

Eli Ben-Haim

TABLE V: Systematic uncertainties evaluated for C' and S.
Uncertainties in the top section are independent for kaon and

lepton tags, those in the bottom section are correlated.

B® — D™D*

kaon tags lepton tags

Systematic source C S C S
Kinematic fit parameters 0.013 0.034 0.023 0.057
Continuum At fit parameters 0.002 0.001 — —
Signal s, 0.0002 0.0007 — —
BB combinatorial s,, 0.017 0.0007 0.001 0.005
Signal tag side (w) 0.012 0.045 0.002 0.002
Mistag difference (Aw) 0.007 0.0004 0.007 0.0009
Signal CP side (apo) 0.006 0.017 0.002 0.002
Peaking background 0.0002 0.0003 0.0002 0.00004
Fit bias (MC statistics) 0.011 0.018 0.012 0.019
Tag interference from DCSD 0.030 0.002 - -
B lifetime variation 0.0002 0.002 0.0003 0.004
Amy variation 0.0003 0.001 0.0004 0.002
SVT misalignment 0.003 0.007 0.002 0.004
Boost uncertainty 0.002 0.006 0.005 0.007
Total 0.042 0.062 0.028 0.061
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