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CP Violation until 2000

Unitarity Triangle in 2000

in kaon
decays by Cronin, Fitch et al. (1964)

« Kobayashi and Maskawa provide
(1973)

« Large CP asymmetries in B decays
predicted by Bigi and Sanda (1980)

* Indirect sin23 measurements from
unitarity constraints and direct
measurements had poor precision

— ALEPH' | 0.937058 03¢
« Large CLEO sample of 10M BB '_‘ ’.
— CLEO had measured many B BRs,
but no CPV measurements 3208 10,5

Sin23 was BaBar’s opportunity to provide an
Important new measurement with early data
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Sensitivity to sin23

- B9 mixing - _ K9 mixing -

F(BO —J /wKQ) = i [1-sin24sin(AmAt) ][ cos(AmAt)]
|At/ 75

[(B® - J/yK?)==——[L+sin24sin(AmAt)];_ cos(AMAY)|

Tg
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The sin2[3 Measurement

Exclusive B, meson and
1{4S) produces vertex reconstruction

coherent BB pair:
At=Az/ Byc | P— —
e+
, anti B
P00

Y(4S)

reconstruction

- v
~ -
< B, flavor and
\ vertex

 Many were necessary to measure sin2f3

— K, reconstruction, At measurement, flavor tagging,
multi-parameter likelihood fits, blind analysis method
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The Golden sin2[3 Modes

In the
Standard Model
— S jyk — Sin2B ~ O(10-3)

Grossman, Kagan, Ligeti, PLB 538, 327 (2002)
Boos, Reuter, Mannel, PRD 70, 036006 (2004)
Ciuchini, Pierini, Silvestrini, PRL 95, 221804 (2005)
Li, Mishima, JHEP 0703, 009 (2007)

» Relatively
and
— Small background levels

— Now ~25 reconstructed and flavor-
tagged B — (cC)K CP decays per
106 BB events
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At Measurement and Resolution Function

— B production point (in z) is unknown at
BaBar

— We don’t measure t, but At (which is
distributed as a “two-sided exponential”)

— Need to disentangle resolution function
from At distribution

e At resolution much more important for B
lifetime measurement than for sin23

— At measurement dominated by z resolution
of By,4 decay vertex (o, ~ 1.1 ps)

— Tg~ 1.9 PS, Ag_mixing = 271/ Am ~ 12 ps
— Sin2B only loosely correlated with
resolution function

« Demonstrate understanding of resolution
function with

— Use much larger sample of fully-reco’ed
B decays to flavor final states (Bg_,)

— Most precise B*/B° lifetime ratio
measurement at that time
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BaBar, PRL 87, 201803 (2001)
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7, =1.546+0.032+0.022 ps,
r.. =1.673+0.032+0.023 ps,
r. /7, =1.082+0.026+0.012




B Flavor Tagging from BB Mixing

BaBar, PRL 88, 221802 (2001)

— Determine flavor of B,,, from its charged
decay products (I, K, high-p tracks and soft )

— Started out with conservative cut-based HW ‘
approach and slowly moved toward D
multivariate estimators 'f Mixed Events . B°B° or B°B°

— Effective tagging efficiency Z €(1-2w)? ~ 30% A
Ff’r}#

i
— Mistag rates cannot be determined from Bp P ﬁ R R TR T
sample, but did not want to rely on MC At (ps)

— Mistag rates in By,, sample same as in Bp
sample, with known mixing amplitude (=1

Events/ 0.4 ps

- . . “+++m+*:|.
it

— Together with BaBar’s Am from di-lepton B,., = DYz, DY* p*, D47

flav

analysis best measurement of Am at that i 3 E 20
time IAt (ps)

Am_, =0.516+0.016£0.010 ps”
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The Likelihood Fit

"I remember my friend Johnny von Neumann used to say, with four parameters | can
fit an elephant, and with five | can make him wiggle his trunk.” Enrico Fermi (1953)

« Extract sin2f3 with

5 MeV/c?

BfIav

(provides mistag rates
and At resolution)

ol

5o
=
=
[S8)

— 35 fit parameters for first paper

» Determination of common
parameters (mistag rates, At
resolution) dominated by much
larger By, sample

 Only sin23 dominated by B
sample

2.5 MeV/c?

Entries/:

* Very small total correlation
between sin2[3 and other
parameters (<10%)

Need at least 30 parameters to fit -
something that resembles an elephant! WelBdB4eaPRBUSEBITDS (2002)
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Blind Analysis

The first look at blinded
sin2f data (July 10, 2000)

— e.g. towards the standard model prediction

— Value and sign of sin2 in fit are hidden

— Apparent asymmetry in At distribution for B® RSN SRR SNt A RS SRS A SAARAS
and Bo-tagged events are hldden i':itt!]iu_-ic-_;i:CF-EE-Tag: ACats E-rt-]:;;i_-:-d.CI'-EITZIba:'?a_a_'.;'.'.-:as ]

— Systematic uncertainties are estimated
before unblinding

— BaBar's CP asymmetry, mixing and lifetime
analyses have been blinded in a similar way frrr e MRS AISARRAS SaAMAE
= BranChing ratio measurements use “hidden ) BLmd-;:;:CF—EL;Tag mcas uE]J’:u:l;-.:.lCP—E:-:-I;a:'?a_-_: lcas
signal box”, etc.

sin23(blind) =1.22 +0.37
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Towards the First Result

» First public sin2f3 result targeted for IC

2000 conference in Osaka (July 27- Aug 2)

(May 28-31)
— Defined the Elba flavor tagger

» Hybrid tagger with 4 categories (lepton,
kaon + 2 NN)

— First measurement of mistag rates with By,

sample presented on 3.7/fb
(July 10-13)

— Tagging performance measured in data, Am

Time
Elba

Elba to june 13th

HEP

June 13th

June 13th

June 13% to 27th

competitive with world’s best measurement Tune 27th

— First blinded CP fit on 8/fb (statistical error

larger than expected, 5% probability)

— Last 1/fb added on July 15
— Unblinding of sin2f3 on July 17

oty
June 277 to

CollMtg

— Final Osaka paper (BAD 44) on July 25 e Coliis

October 27, 2008

CollMtg (10-13 Tul)

During Coll Mtg

July 25th

BaBar Symposium

Activity datasample

Extract collections of charged

B’s/ fully exclusive B0

Setup hbooks/comis for all

charged B’s and exclusive B0

Extract CP events

(3 modes)

* Reconcile differences
between TagMix
Understand
differences in

on TagMix _
Agree upon D*Inu selection

Tag e.w, Vertexing studies on
Charged B’s

Freeze and QA data sample ~6fb-1
for the 27th

* Extract D*Inu collections ~6 fb-1
* New ntuple production
* (P fitting on non CP
modes
# Blind sin2b fit on data
® Freeze and QA data sample
for Osaka
e (P fitting on JpsiK+
Detailed sin2b systematics ~81b-1

e Finalize TagMix Paper ~8fb-1
¢ Finalize sin2b Paper

¢ Show complete blind analysis ~8fb-1
¢ Freeze analysis

e [stop db sweeps/outages?]

Unblind analysis

Practice talk for Osaka and go on *
VACATION!
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Validations, Validations, Validations, ...

Studies
= Par:ametr_ized MC and full simulation with Sample Apparent CP-asymmetry
various sin2p values Hadronic charged B decays 0.03 £ 0.07
Hadronic neutral B decays —0.01 £ 0.08
: - T K 0.13 +0.14
for CP asymmetries in By, and TR B S K e

B* control samples
« 10 alternative B vertex
« 3 independent

* Alternative extraction of mistag rates

— time-integrated method in optimized At
interval ( )

» Alternative extraction of sin2f3 with
K ~ =775 SIN(AMAL)

« Full
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BaBar's First Paper

VOLUME 86, NUMBER 12 PHYSICAL REVIEW LETTERS 19 MARCH 2001

Measurement of C P-Violating Asymmetries in B Decays to CP Eigenstates

3

« BaBar’s sin2p result published on March
19, 2001 in PRL 86, 2518 (2001)

— Back-to-back with Belle’s sin2[3 paper

=
=

Entries/ 2.5 MeV/c®
=

« Improvements to analysis since ICHEP
— Reblinded after ICHEP
— Doubled the data sample to 23M BBs
— Added B — J/y K% mode
— Combined likelihood fit to B;p and By,

samples with 35 free parameters [ JApk® signal

] Background

.
¥
F
=
L
-
=
=
(]

« Sin2p is slowly going up...
sin2$ =0.34+0.20+£0.05

| A| consistent with 1
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VOLUME 87, NUMBER 9 PHYSICAL REVIEW LETTERS 27 AUGUST 2001

Observation of CP Violation in the B” Meson System

| B - JyK?

« Submitted to PRL on July 5, 2001 > H”%urt’%nk.”

B — ¥ K
— Belle submitted 14 days later,
published back-to-back

* Analysis improvements 0 o= -
sin2/=0.56+0.15

— 40% more data added M
: Fal i L P [,ET )

— Improved track and K% reconstruction
— Added B — J/y K and B — X_, K0
modes

— Better SVT alignment and vertex
reconstruction

« 2"d most cited BaBar physics paper [_,_;

++

05 ——sin2/3=0.82+1.00

-5 0 5

sin24 =0.59+0.14 +0.05 (4.10)

| A |=0.93+0.09 +0.03

At (ps)

BaBar, PRL 87, 091801 (2001)
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Towards a precision measurement

f_fii BaBar at

2%
%

)

« 3 more BaBar sin23 PRLs and 2 PRDs
— “The” sin23 PRD [PRD 66, 032003(’01)] o7 A
« Longest BaBar paper with 54 pages ST - L
— Run 1+2 paper [PRL 89, 201802 (‘02)] :
« 39 most cited BaBar paper
— Run 1-4 paper [PRL 94, 161803 (‘05)]
— Run 1-5 paper [PRL 99, 171803 (‘07)]

— Final sin2p result on full data set
[arXiv:0808.1903, to be subm. to PRD]

Events /(0.4 ps

Raw Asymmetry
1

« BaBar’s sin23 measurement benefited
from continuously improving the
analysis for each publication

— Tagging, samples, systematics,....

« After some up’s and down’s BaBar and
Belle have converged on sin23

: sin24 =0.691+£0.029+0.014
sin2p =0.671 £ 0.024 EESPEYEN=Ye ey

C =0.005 + 0.020 RALCUCEATCI L
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Removing the 90°— Ambiguity

: BaBar, PRD 71, 032005 (2005)
« The sign of cos2p3 resolves

the 90°—(3 ambiguity in sin23

-
)
-
]

—

-,

4

iIn B decays to
three-body or VV final states
are

B® — J /wK™ [BABAR, PRD 71, 032005 (2005)]: cos23>0 @ 89% C.L.
B° — D" _h® [BABAR, PRL 99, 231802 (2007)]: cos2/3 >0 @ 86% C.L.

B° - DD K [BABAR, PRD 74, 091101 (2006)]: cos25 >0 @ 94% C.L.
B® -» K'K K¢ [BABAR, arXiv:0808.0700 (2008)]: cos2 >0 @ 4.8c

cos2f3 < 0 solutions excluded: f = (21.1 £ 0.9)°
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Impact on the Standard Model

| fitter

ICHEP 08

sol. w/ cos 2f < 0
(excl.at CL > 0.95)

g excluded area has CL > 0.95

« Sin2B is now the most precise constraint on the apex of the
Unitarity Triangle
— Contrary to the sides sin2p is still limited by statistics

« Sin2p serves as a benchmark for other “B” measurements from
decays sensitive to New Physics (e.g. hadronic-penguins) and
the sides and other angle measurements
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October 27, 2008

Searching for New Physics:
Sin2[3 in Cabibbo-suppressed Tree Decays

Raw Asymmetry

BaBar, arXiv 0808.1866, submitted to PRD
5 =-0.70£0.16+0.03 | S =-0.62+0.21+0.03

D*D™ D** D™

C. . =40.05+0.09+0.02 | S =-0.73+£0.23+£0.05

DD D'D*

S_.. =-0.63+0.36+0.05| C_.._ =+0.08+0.17+0.04

D'D”

C, =+0.07+0.23£0.03 | C_... =+0.00+£0.17+0.03

DD

Large discrepancies from
S = -sin2( in these modes
could indicate evidence
for new physics

All CP measurements
are consistent with the
Standard Model prediction

BaBar Symposium

$)

( a I' Ill'r I'|I

Events /(2 p

BaBar, PRL 99, 081801 (2007)
S oo =—0.56+0.23+0.05

oG

C =-0.23+£0.16+£0.04

S

BaBar, PRL 101, 021801 (2008)
S, =—123£0.21+0.04

J/y.

C, o»=-020£019+0.03

Jly.
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Searching for New Physics:
Sin2[3 in loop-dominated Decays

« Rare decays mediated by heavy virtual particles can
receive contributions from New Physics

« CP violating amplitudes of such decays predicted by the
Standard Model could differ from actual observations

October 27, 2008 BaBar Symposium 19



CP Asymmetries in Penguin Decays

* Measured Scp in many penguin- E
dominated modes and compared e
to sin2p3 measured in B®—(cc)K Y Y
: } - 0,28 £0.26 = 0.03
: a : 06758
* Most significant difference in : : Boviborbon
“‘naive” penguin average reached : L ggorom e
in 2004 : s : 0.30 1032 : 0.08
: : 0,551 0.20 :0.03
: ! + 0.67 +0.31 ~0.08
* More precise measurements : o 00 -0
have decreased the significance : s a3 - 002
of 0S below 10 : b [| 1 0,11 £0.40 = 0.07
: i : b
— Some measurements come now : : g
from complicated 3-body time- : 07220712008
dependent Dalitz analyses ; : 043 1.0.49 : 0.00
—— 3 : : i 0.97 9%
— Scp In charmless penguin modes :

>t (86 +0.08 - 0.03

is still a good place to look for 0,68 + 0.16 + 0,03 M1

new physics, but no evidence
with BaBar statistics

2008: 6S=0.03+£0.04 (0.70)
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Conclusions

— Confirmed CKM mechanism as dominant source for CP
violation in quark mixing

— Pioneered the time-dependent analysis techniques
» Flavor tagging, vertex and At reconstruction
« Many-parameter likelihood fits, blind analysis techniques

October 27, 2008 BaBar Symposium
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