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Outline

« CPViolation, CKM Matrix and the Unitarity
Triangle

e Observation of CP Violation in the interference of
Decay and Mixing = Sin23
— The PEP-II B Factory & The BaBar Detector

— Thethree linked steps towards the sin23 measurement
* B Lifetime
* B Mixing (= digression on dileptons...)
e CP Asymmetry

e Theway forward : Summary and Outlook
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CP violation in the Standard M odel

CPviolation arises from single phasein CKM matrix

( )
1- 1y A AL (p—in)
Vud Vus Vub 2 1
V=|V, V. V, |= - 1—2%2 AN +O(\")
Vie Vi Vi AN (l-p-in) - AN 1
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Unitarity of V implieseg. V V', + V4V o + VgV i, =0
- represented as ‘unitary triangle’ in complex plane

(P.M) Apo T, PTT...

B — D*rn, DK,
K, ...

B'— JWK,, D*D*, ...

(0,0) > (1,0)
CP asymmetriesin B decays give information on angles o, 3, y!
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The Unitarity Triangle without CP
Violation Measurements

M ethod described in
Hocker et al,
hep-ex/0104062

»Test SM by over-constraining Unitarity Triangle with B
measurements of sides and angles
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CP from Interference of Mixing and Decay

CP violation results 0 q A
- B A A —. cP
from interference N fop
: 3 g P Af
between decays with N R RN P
and without mixing @ W I ré 21 Qcp
20" At ep
B CP
Mo 221l = Prob(BJ,¢(t) — fcp) # Prob(Bj, o (t) — fcp)
Time-dependent CP asymmetry: 1-| R, 12
— fop ~ 2
A ()= [(BS,c(t) = fep) =T (B, () = fep) 1;' nkf;fp |
cp r(thyS(t) — fCP)+F(thyS(t) — fep) Siep = o fclz
:Cfcp COS (Amdt)+SfCPS|n (Amyt) fep
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The “Golden” Decay Mode: B® — Jy K%

_ _/ : i/c Ty K° mixing
21 — e o S ng %J/l//Kg

~ 0
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O |
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» Theoretically clean mode to measure sin23
» Clean experimental signature
« “Large’ branching fraction compared to other CP eigenstates

“Golden Modes’

Time-dependent CP asymmetry » Nep = -1
v BO— Jy K’
v BO— y(25) K’

Acr (t) = —TNep sin2p sin(Amt) M= +1

v BO— Jy K°
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Decay Time Distribution in B —f

f:B —f_

phys

f:B,.—f,

f,(B— fep,t)=5€" ™ [1+ C_ cos(amyt)  S_ sin(Amt)]

Jan 5, 2002 C. Bozzi - INFN Ferrara 7



Decay Time Evolution & A, for B® — Jhy K°%

BV
F— B tagged events .
" r—B “bar tagged events
60 ;
50 |
40 — .
30 ;—
20 | 5
- 20.8
10 |
- N " L %00.6
10 75 -5 25 0 25 5 7.5 10 Zmo-“ /
t(ps) 302 ¢
20
m
‘ A (t) =—1, Sin2f sin(4myt) | 70
Zm-o.4
= Inthisideal case, the amplitude 0-6
of the oscillation is the CP Asymmetry 0.8

m time-integrated asymmetry isO
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t spectrum and the observed
asymmetry for a perfect detector
(assuming sin2f3 = 0.6)

Visible difference between

B° and B® decay rates

- sin 23
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Exptal Reguirements For CPV Measurement

« BR(B— fep) ~10% = Need to record and reconstruct a
large # of B Mesons

o Determinethe flavor of theinitial B meson to separate B°

from B° ( B Flavor Tagging)

* Defineand measurea‘time’ in order to study the time-
dependent asymmetry
— B Mesons must travel a measurable distance before
decaying
— Vertex Reconstruction: A high precision tracking
system to measure the distance between the B decay
points

||‘ BaBar Detector @ PEP-11 B Factory as example
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The Asymmetric Energy Collider@Y (4S):PEPII

Cleanest source of B mesons: e'€ —Y(4S)— BB a /s=10.58 GeV

Oy (4s) =1.05nb 21 _O:
(24% of Ghad ) CEO %:
2 [ 4 |
g st ] &
The Y(4S) B2BY system Eljf ?',* S!
evolves coherently T of - o
until one of the 2 ! g+ ;‘ PN '
B° mesons decays, B TE et Tl M e
S0: - Tas) | Yes)  Yes) _Tas)

3.44 946  10.00 10.02 IIID.ZM 1[).3.’}'. IIID.IS:ﬂfI 1ID.5IEI iy IIIDI.ISIZ
: Mass (GeV/c')
Acp(t) = Acp(At) o< sin(Amgp, At)

Y (4S) Energy Scan

At : proper time difference oos| PEP-II |

" BABAR

between the two B decays 2

0.05 |-

Acp(At) integrates to zero over al At
Study of CPV 1= measure of At

000 —m— ]
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PEP-11 Asymmetric Energy B-Factory at SLAC

Electron
Gun

SLAC/LBL/LLNL o

PEP-Il and BABAR _
o - NG
)
i : (o
=/ ROtuTn L e
g -b':}Qq
Electrons 6‘"

P Positron

g _,\_/, Source
- =~ Positrons

PEP-II
Rings

Positrons

Low Energ
new

Ring A
\ )

Electrons

BABAR Detector

High Energy Ring
(upgrade of existing ring)

Both Rings Housed in Current PEP Tunnel

Collides9 GeV € on 3.1 GeV €f

Y (45) boost in lab frame : By=0.56
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PEP-11 Performance Has Been Spectacular !

66 | / i VA

8d | o PEP-II top luminosity:

§§ | BaBar // 4.513 x 10* cm?st

56 /7 '

54 —

52 | PEP-II Delivered 67.15/fb i . 3
;jg . BABAR Recorded 63.77/fb //// (desgn. 3.0x10° )
244 BABARoffpeak 6491 // * Top recorded Lumi/month: 6.35 fb
240 /7 - . 1
c 38 [ ]
£% [ 30 b anayzed // Top recorded Lum!/week. 1.76 fb
830 1 for CPV —//,/ « Top recorded Lumi/24hr: 303 pb*
< 26 ; . -1
g2 — « Top recorded Lumi/8hr: 105 pb

?g /// : De »arz:-c Lgm{‘nasi_:y ]

1% | 4 [ree |« BaBar logging efficiency: >96%

3 /A

A e

Octoberi09:5 45557583405 Hha ks e agss D ecember 23, 2001
19992)),))20)00)))));;,))2(,;()1 ))))E’EJO’;

PEP-11 delivered: 67.15fb-1
BaBar recorded: 63.77 fb-1 (including 5.49 fb-1 off-peak)
120 million B’ s recorded, being analysed!
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The BaBar Detector

Electromagnetic Calorimeter

1.5 T solenoid 6580 Csl(Tl) crystals
Cerenkov Detector e* (3.1 GeV
(DIRC)
144 quartz bars
11000 PMTs
e (9 GeV) Drift Chamber

_——

40 stereo layers

Instrumented Flux Return
iron/ RPCs (muon / neutral hadrons)

Silicon Vertex Tracker
5 layers, double sided strips

SVT: 97% efficiency, 15 um z hit resolution (inner layers, perp. tracks)
SVT+DCH:o(py)/py = 0.13 % x p; + 0.45 %

DIRC: K-nt separation 4.2 ¢ @ 3.0 GeV/c 2> 2.506 @ 4.0 GeV/c

EMC: og/E = 2.3 %-E4® 1.9 %
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B Event Topology at the Boosted Y'(4S)

Coherent BB pair

At =

Jan 5, 2002

Az

<py>c

Flavor
Tagging

Ta vertex
r'econs’rr'uc’rlon

Start the Clock

Exclusive B Meson and
Vertex Reconstruction
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Factorize the time-dependent analysis in 3 building blocks

uoisina.id JaybiH

Jan 5, 2002

Sin23 Analysis Strategy

Obtain All analysis ingredients from DATA (not MC)

M easurements

Anaysis Ingredient

(a) Reconstruction of B mesons
In flavor elgenstates

(b) B vertex reconstruction

. BYB°-Mixing === (¢) B Flavor Tagging +a+ b

Reconstruction of neutral B

* CP-ASYMMEY e 1 econsin CP eigenstates

+a+b+c

C. Bozzi - INFN Ferrara
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M easurement of the B® and B* Lifetime

« N -
KO K T
Tag B vﬂ' / T
o, ~ 110 um /7 .~ Y Rec(:so5 B
- G, ~ um - e

_____ : D
NG >
Y(4s) |~ 7Tt i&
ﬂ:+
By = 0.56 AZ
At = Az/yBcC
3. Reconstruct Inclusively 1. Fully reconstruct one B meson

the vertex of the “other” in self tagging (Bgec)
B meson (B;,c) 2. Reconstruct the decay vertex

4. compute the proper time difference At
5. Fit the At spectra
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Fully-Reconstructed Hadronic B Decay sample

Flavor Eigenstates B, : for lifetime and mixing measurements

Self-tagging hadronic decays

b—cud “Open Charm” decays

WT—F<E,E BO —> D(*)_7Z'+/,0+/Cll+ 400;—

’ “ B D%

L-1]
al

Hadronic decays into final states
with Charmonium  b—(c C) S

q

B’ = J/yK®°(K'7n)

E=1i

B" - J/yK", y(29K"
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C.Bozzi -

%4002— f -1 Neutral 'n
%1200;— 30 b B Mesons

300;_ N BO/ §Oz 9400

e purity 83% |

200}

0 L1 11 L1 1 1 L1 L L1 L
5200 5210 5220 5230 5240 5250 5260 5270 5280 5290 5300
Beam-Energy Substituted Mass (MeV/c IE)

™~
(=]
o

iF BaB4R | Charged

s F B Mesons

S1000f-
300: N B+/ B_z 8500 *
F purity 85% |
400—
2005

£

0 L1 11 L1 1 1 L1 L L1 Ll L1 L
5200 5210 5220 5230 5240 5250 5260 5270 5280 5290 5300
Beam-Energy Substituted Mass (MeV/c IE)

— cm 2 cmy2
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Recoll (Tag) side Vertex and Az Reconstruction

Brec direction

Reconstruct B... vertex from

rec

= charged B, daughters

Brec Vertex

] Brec daughters
Determine By, vertex from
» charged tracks not
belonging to B,

= B vertex and

momentum

= beam spot and Y(4S) 7
momentum

o
.
.
o
.

Interaction Point .-

Beam spot

High efficiency (97%)
Average Az resolution is 180 um (<|Az|> ~ ByCT = 260 um)

At resolution function characterized from data
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Tz Measurement at Boosted Y'(4S): Unique

true At At resolution measured At

LEP/CDF | =

0.015— -t T 3-014;_ u.uuaé—
n.n1E— e / D012 0.007E Resolution e -
. n.n145— function lifetime
B production °"%
p0|nt knOWI’] u.uua;— ® — \ /
eg. from " 3
beam spot ot
10 S Propersdecaytime1(ll:-’|’3) ° -10 Flesidua??ps) i I_wl I-SF{;c:onstruc[%ed proper gecaytime (llpus)
‘ BaBar ‘ o DW; Resolution
0.008 .- Function +
_ Lifetime
Either B, or*= —_
Biyg CaN decaybon- _
first (this s
analysis) )
-10 » Decay mesdiff {pe) s Flesidua??ps) " I'w Fle-csonstructedudecaytimesdiﬂerence (};JS)

Need to disentangle resolution function from physics
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b " BABAR

At Resolution Function - ++++ B0

= event-by-event o(At) from vertex errors : ++++ o Az
= Charm Lifetime induced bias leads to i t + -

= Small correlation between the lifetime L, “+++
and the Resolution Function . os p; *“u,,m..*m. ,
parameters eI ST IS
0 0.01 0.02 0.03 0.04
G,, (cm)

. Signal ]

R= (1_ 1:tail B foutlier )G(SGAt y Hoore = O)
+ f.,G(So,,u=0)®exp(-At/c,7,..)
+ 1:outlier(3((youtlier ’:uoutlier)

tracks from long-lived D’s -
in tag vertex

asymmetric Resolution u

Function s 0 s

At (meas-true)/c,,
Jan 5, 2002 C. Bozzi - INFN Ferrara 20
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B Lifetime Likelihood Fit

Simultaneous unbinned maximum

" Suo- BABAR ; n~
likelihood fit to BY/B* samples 200 B Meg
= Use data to extract the properties of da000r |
background events F
= Mass distribution provides the
signal probability
= Use the events In the Sldeband ﬂszw 5220 5230 5240 5250 5260 5270 5280 5290 5300
(mES < 5.27) to determlne the Beam-Energy Substituted Mass (MeV/c 2)
At structure of the background 5 o
events under the signal peak o 30E ——F
b S~ B® Bkg At |
= 19 free parameters 5 E
= 1(B*) and t(B°) 2 0 E
= At signal resolution 5 . E
= empirical background 12 o E
description O Ty e
Delta t (ps)
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B Lifetime Results.Calibrating The BaBar Clock

Events / 0.24 ps

10 E

Events/0.24 ps
EN

10 E

-
=]
8]
|

B/ BO| .

20 b

Jan 5, 2002

10

) At (ps)
To Appear in PRL
C. Bozzi - INFN Ferrara

T, = 1.546+0.032 + 0.022 ps
PDG: 1.548 £ 0.032 ps
T, =1.673+0.032+0.022 ps
PDG: 1.653 £ 0.028 ps
T,/T, = 1.082 + 0.026 + 0.011
PDG: 1.062 * 0.029

s Precision measurement !

m 2 % statistical error
m 1.5% systematic error

= Main source of systematic

error
m Parameterization of the At
resolution function
m Description of events with large
measured At (outliers)



Comparison of Lifetime Ratio Measurements

ALEPH D]
(91-95 Prel.)

ALEPH exclusive
(91-94)

DELPHI D'l
(91-93)

DELPHI topology

(91-93)

DELPHI togﬂ%.y)

L3 Top?glggg;
OPAL topolo

)

b

(93-

OPALD
(91-93)

LEP+SLD+CDF
LEP fest October 2000

This measurement
(Prel.)

Jan 5, 2002

1.085+0.059+0.018

+0.23 +0.03
1.27 -0.19 -0.02

1.06£0.07+0.02
1.110+0.056") 0>
100711 +0.10
1067 +0.10
1.065+0.022+0.033
1.09+0.070.03
1.079:+0.064:0.041
0.99+0.14%)

-0.04

1,03fg:}g +0.09 most precise
1.037+0.025 +0.024

measurement
-0.024 —

1.066+0.02 /

Systematic error
1% in B*/B°
lifetime ratio

Single

‘ 1.082:40.026+0.011 |

0.8

0.9 1 1.1 1.2 13 14 15
T (Bt BY

C. Bozzi - INFN Ferrara
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Sin23 Analysis Strategy (Part 11)

M easurements Analysis Ingredient

(a) Reconstruction of B ‘/
mesons in flavor eigenstates

« B*/BOLifetimes

0) B vertex reconstruction

0p0 pa:os
* B"B-Mixing (c) B Flavor Tagging (+ a+ b)

« CP-Asymmetries

Reconstruction of neutra
B mesonsin CP eigenstates

Jan 5, 2002 C. Bozzi - INFN Ferrara 24



B°B° Mixing with Fully Reconstructed B Mesons

« + -

KO K T
Tag B vﬂ' / T

G, ~ 110 um /& . ¥ Reco B
= G, ~ 65 um D
L N~ "‘..,“ >
Y(4s) ¢ i&
A nt
By = 0.56 z
At = Az/yBcC

3. Reconstruct Inclusively 1. Fully reconstruct one B meson
the vertex of the “other” in flavor eigenstate (BREC) v
B meson (Brye) v 2. Reconstruct the decay vertex v

4, Determine the flavor of

B¢ to separate Mixed and
Unmixed events

5. compute the proper time difference At v
6. Fit the At spectra of mixed and unmixed events

Jan 5, 2002 C. Bozzi - INFN Ferrara
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At Spectrum of Mixed and Unmixed B Events

perfect realistic
flavor tagging & time resolution mis-tagging & finite time resolution

60 | g :
ol —UnMixed
0 —Mixed
301 -
=% 4 =2 0 2 4 6 8 =% 4 =2 0 2 4 6 8
Decay Time Difference (reco-tag) (ps) Decay Time Difference (reco-tag) (ps)
[ 41|/, ]
f o (A1) =3 7 ><( 1+ (1—2W) cos(4m,A4t) ) - ® ResolutionFunction
Mix Bd
. 0 =0
w: the fraction of wrongly tagged Unmixed: BﬂaVBtag or BflavBtag
events : _ —0
Amy: oscillation frequency Mixed: fIavBtag or BflavBtag

Jan 5, 2002 C. Bozzi - INFN Ferrara 26



B FHavor Tagging Methods

Hierarchical Tagging Categories

For electrons, muons and Kaons use the charge correlation

Jan 5, 2002 C. Bozzi - INFN Ferrara

PO o 20
kaons
V + 0 - \N)f
Waor " —B b \N c . s 2 Q>0= B°
b C . . —x( kaons
BO K
- - Lepton Tag Kaon Tag
—NNoutput
IV_IuItivar!at_e anaIys!s exploiting the other BABAR
kinematic information of the event, e.q., e
» Momentum spectrum of the charged particles gl — Data
> Information from non-identified leptons and kaons d N
» Soft  from D* decay Neural Network 2
005 E n
®
Each category is characterized by the probability of &
giving the wrong answer (mistag fraction w)

0 025

0.5

075
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B Flavor Tagging Performance Using B Mixing

The large sample of fully reconstructed hadronic B
decays provides the precise determination of the
tagging parameters required in the CP fit

Tagging Fraction of Wrong tag Q =¢ (1-2w)?
category tagged events | fraction w (%) (%)

e (%)
Lepton 10.9 £0.3 89+13 74105
Kaon 20.820.5 17.6 1.0\ 15.0+ 0.9

N

NTL  / 78+03 | 220421 \ 25+04
NT2 /| 138403 | 351+19 | \.2+03

ALL / 68.4 0.7 26\ + 1.2
Highest “efficiency” The error on sin2p the quality factor Q Smallest mistag fraction
: 1
o(Sin2B)ec —
JQ
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At Resolution Function

(SAt) = ( 1:tail o foutl ) core (5At’ Score’ 5core,i r ........ core Core = Score At
+ fiait - G (SAt Sail tall) G Tail Opil = il O N
tap freesssanna > — —
Outlier + Tour o (9AL, 05 =8PS, 8, =0) Use the event-by-event

uncertainty on At

BO flavour —
sample

Parameter I
400 |

200

fran (%)
fouttier (%)
5001‘0,Lepton (pS)
5(}01‘0,Kaon (pS)

OcCorentt (PS) Different bias At Residual (ps)
dcorent2 (PS) For each tagging
OTail (PS) category
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Mixing Likelihood Fit

Unbinned maximum likelihood fit to flavor-tagged neutral B sample

4t /15
e d
fusc (A1) = s ><( I £ (1-2w) cos(4myAt) ) ®R

Fit Parameters ‘
Amy o 1
Mistag fractions for B° and B tags 8
Signal resolution function(scale factor,bias,fractions) 9
Empirical description of background At 16
B lifetime fixed to the PDG value Tg = 1.548 ps

All At parameters

34 total free parameters "- extracted from data
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B°B” Mixing Fit Result

N(unmixed)— N(mixed)

Asymmetry(At) = 1-2w) x cos(dm At
E y(AD N( unmixed )+ N( mixed) ( ) S(Amqy A1)
& | Unmixed Events P P
3 0% i< | BABAR
E 10 ¢ _ 0> 'N
H _ § :
1E_::Hl:}H.:.}:::.L"I::::H:::"T": | ‘H+ U_
- Mixed Events ] I
0’ : 05 —
o0 | ; 30 fbl
UL ] o 5 B TR TR
0 15 -10 5 0 5 10 15 20 |Atl (ps)
At (ps)
Am, = 0.516 £+ 0.016 (stat) £ 0.010 (syst) fi ps hep-ex/0112044
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Amy Measurements in Comparison

BABAR Had ronic P_._,| 0.516+0.016-0.010 ps* hep-ex/O 11.2044

PADAT Dllepren a LRSS hcp-c/0112045
0.46340.00840.016 ps’- see next slides

ALEPH ™

0.44 6::0.02040.018 pst

0.496:0.026:0.023 ps*

average of several

OPAL 0.479H0.018+0.015 ps'l measurements

0.526+0.043-0.031 ps*

CDF

et
L3 H | 0.A44£0,0280.028 ps'* Each of them isthe
ot
e

0.495H0.026:0.025 ps* )

LEP+SLD+CDF |_._< 0.48610.015 ps*
ICHEP2000 | , | | | D

04 045 05 055 06

Am, (ps)
Jan 5, 2002 C. Bozzi - INFN Ferrara
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The Dilepton Way to mixing and CPV

-

e > Y45 4 — ot
© [
* Inclusive approach (only 2 leptons!)
e Large BR (~4%), low mistag fraction A7
* B Flavor — sign of the direct Iepton PN

* Band B* admixture

 Efficient Neural Network event selection

e Very accurate description of the residual background

* AZ — pointsof closest approach of the legptonsto the beam spot in
transverse plane

« Extraction of Am from time evolution: €11At [1+cos(AmAL)]

e Study of CPV in mixing from charge asymmetry of same sign leptons:

Ar=(Npss = N/ (Npsgs + Nio) ~ 4Re(e)/1+|8|2

Jan 5, 2002 C. Bozzi - INFN Ferrara
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Jan 5, 2002

Dileptons. sample composition
99010 events selected in 20.7 fb1

Direct leptons (~78%)
— sensitive to mixing (!)
— B-lifetime component

Opposite-B cascade (OBC) leptons (~7%)
— sensitive to mixing, but
— source of mistag (~100%)
— extralifetime due to charm decay
(B-lifetime + effective lifetime from charm)

Same-B cascade (SBC) leptons (~5%)
— not sensitive to mixing
— source of opposite-sign leptons only
— effective lifetime from charm
Misidentified leptons (~5%):
— same topologies (and resolution function) as above
— extramistag to be taken into account

Continuum (~5%): fit off-resonance data

C. Bozzi - INFN Ferrara
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Dilepton Mixing: At measurement

X
stimated TrueRl
Y (45) vertex
vertex TrueY(4s)

e Az resolution function determined

500

400

with MC and cross-checked with J\W.

* Resolution model: 3 gaussians

30

Narrow Gaussian : 85um (64.8%)
Wide Gaussian: 160um (35.5%) 200
Outlier Gaussian : 630um (0.7%)

» Boost approximation:

At =Az/(c< By >)

Jan 5, 2002

100

C. Bozzi

>

Az = z difference of the point of closest
approach (POCA) of the tracks

to aY(4S) vertex, estimated with the 2
leptons and a beam spot constraint

Agreement within 10%
JY¥ Data w0 CJ¥ Monte Carlo

160 —

140 f
120
100
80 f
60 E

40 [

20 |

—Eﬂﬂllllﬂllllﬁﬂﬂ 0 -Eﬂﬂllllﬂlllﬁﬂﬂ
AlAz) {pm) Afpz) {pm)
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Dilepton mixing results

Am,= 0.493 + 0.012 + 0.009 ps't

Most precise single measurement!

1% correction due to the time
dependence of the resolution
function

Systematics dominated by:

* B meson lifetimes (0.0064)
* time dependence of

Jan 5, 2002

resolution function
and cascade resolution
+ lifetimes (0.0050)

Events /0.24 ps

g o

Events /0.24 ps
I
S

200

Asymmetry /0.24 ps

Oppositesign &

C. Bozzi - INFN Ferrara
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CPV with dileptons; Background reduction

'B'B'_ Almost all background
A AR} comes from cascade | eptons
», % Cascade background |7 from B+ or unmixed BO

[EEN
o
o
o
T T == T
_—&‘L

1 Cutat 200um
: Correct for background dilution
by weighting in bins of |AzZ]

Number of same sign dileptons

200 ]
. S(At
e Ay = A Ay
o 1 11 111 | 111 | 111 | 111 I |_'|'T'|"r'r-|- L XYL A s S(At) + B(At)
0 0 400 600 800 1000 1200 1400 1600 12(;0(&(300
| Az cut Neglect background asymmetry

= small systematics

20381 eventsin 20.7 fb-1
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CPV with dileptons: results

g 0.4 IR L
@ C ]
Corrected for charge £ o5t BsBsR
asymmetriesin the gﬂ-z-—l_ | 3
detection (particle 1D, 5 0-11----\_J. +| : | |‘|+_| o ‘ =
tracking) § ol g =
S T e
: |
Most precise single oz E
measurement! o030 |A;=046+1.18% E
Py R N R R
0 2 4 6 8 10

12
At (ps)

R/, .= 0.11+ 0.29 £ 0.36 %, or
a/p| = 0.998 + 0.006 + 0.007

Systematics dominated by charge asymmetries in the detector

Jan 5, 2002 C. Bozzi - INFN Ferrara
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Measurement of CP Asymmetry : SIn2

Jan 5, 2002

Ao r
Tag B L ™t
c,~ 110 um /7 .~ ¥ CP B K.’
- = o, ~ 65um |
O ==t ) S S Th
Y(4s) "C‘:F\A
By = 0.56 Az ut
At = Az/yBcC
3. Reconstruct Inclusively 1. Fully reconstruct one B meson
the vertex of the “other” in CP eigenstate (Bp)
B meson (B;,c) v 2. Reconstruct the decay vertex v/
4. Determine the flavor of
B¢ to separate Mixed and
Unmixed events v
5. compute the proper time difference At v

6. Fit the At spectra of B’ and_B° tagged events

C. Bozzi - INFN Ferrara
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The fully Reconstructed CP Sample

2 — . O L
> 10 Jhy K Before tagging requirement z «|
% 100 K s T %
£ B o2
el § 3
L T e e ) PN %ﬂdata o LA e e e R
. m=ove 1 32 x 10° BB pairs ST eated)
Al 29 fb1 on peak © ol
2 w@9 K, P Miry
o " C
E o[ Lol
= Sample tagged | Purity | CP
) ‘:'22 ! 5_'24+"""'.5‘_'2‘6“+*‘ S8 53 events 0 _‘i-++-+*-“=+““"+“-+"‘-="'-*'*‘+'i . VOTI
g Gevic) | [Py, wi(29), 480 | 96% | -1 | T T T mlcevid)
N§ """"""""""" XC]] KS -
5 o0 Jhy K™O Iy K, 273 | 51% | +1 |5}
S wl| K0— Ko I K*OKm®) | 50 | 74% | mixed |o]
E — i
gl L Full CP 803 | 80%
sample
T e After flavor tagging N AR (V)
m :\/(Ecm )2-(p")? AE = EJ/I// + EKL - B
ES beam) ~Pg _
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At Spectrum of CP Events

_perfect _ realistic
flavor tagging & time resolution mis-tagging & finite time resolution
- Biy= B’ Biy= B’
-1u i ? = Decuay Tinzl: Diffeience (Trzco—t;gu) (ps) u " -75 ? = Decnay Tinzl; Diffeicnce Erfeco-taé?) (ps)
CP PDF
. . At|/x
Mistag fractions w A, , :
f . (41)=]€ x| 1 sin2p(-2w)sin(4m At) |{® R
d cplA0=| € g | 1F 1y SN2H(-20)sin(m 1)
Resolution function R

Mixing PDF

determined from the
flavor sample
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e—|A t/7,

4, OR

frising(40)= x[ 1+(1-2w)cos(4m, Ar) ]




Sin2[3 Likelihood Fit

Combined unbinned maximum likelihood fit to At spectra
of flavor and CP sample

Fit Parameters

Sin23 . 1 tagged CP samples
Mistag fractions for B? and B tags in each Cat. 8

Signal resolution function 16 } tagged flavor sample
Empirical description of background At 20

B lifetime fixed to the PDG value Tg = 1.548 ps

Mixing Frequency fixed to the PDG value Amy = 0.472 pst

Different At resolution function parameters for Runl and Run2

v' All At parameters extracted
45 total free parameters II- from data
v Correct estimate of the error and
correlations
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60

40 |

Jan 5, 2002

5
At (ps)

C.Bozzi - INFN F

Raw ASymmetrles Atp(At)z (1-2w)x Sin(2B)xsin( Amy Az)
o
SIWKY ] B %T/MKO
B ewy;S)K(' All tags 30 L B %w(ZS)KO Kaon tag_s
- B’ — ., K¢ B — %K :
! 246 B t’lgS I 131 B' K tags ]
3 i N 1= 0 i
234 B t’igs nf: 1 20 | 140 B" K tags__
events :
10 | N -
! —
0 _' 1 T r r Tt 1 rt T 1 —
0.6 (Q=15%) .
‘ Raw Acp ‘0.4
0.2
0 N\ Exi
-0.2
0.4 sin2B=0.59 + 0.20
‘ | Ll -0.6

_5 0 5
At (ps)



JY¥ K, At Distri butlons

B BN i/wK“ | '+' dl_

25 |
0
25 |
ol
0.55 | -
. ‘Raw Acp‘
-0.55 hl— | - Sin2B=0.70+0.34 -
-5 0 S
At (ps)

Fit projections are from global fit to all CP samples
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sin2[3 Fit Results

Cross-checks:
Null result in flavor samples

J/MYKL

J/VYK*0

Consistency of CP
channels P(y2) = 8%

xcKs
Y(2S)Ks
IV Ks210

JYKs

Goodness-of -fit:
P(Lyax>Lobs) > 27%  All modes

sin(2B) = 0.59 + 0.14

Phys. Rev. Lett
091801 (2001)

Jan 5, 2002 C. Bozzi - INFN Ferrara
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0.030.04
0.02+0.04
0.70+0.34
0.82+1.00
2.59°0'¢

0.47+0.42

0.76+0.52

0.45+0.18

0.59+0.14
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lepton tags
kaon tags
NT1 tags
NT2 tags
JM —
JV — ee

BObar tags

BO tags

Average CP=-1

0.54029

0.59+0.20

0.6710.45

0.10+0.74

0.60022

0.54+022

0.61+022

0501022

0.5610.15

-5 -1 -0,

sin2f3

LS

sin(2B) vs. J/v decay mode and
tagging category and flavor for

Jan 5, 2002

N =-1 events

C. Bozzi - INFN Ferrara

sin '_%B
tn

0.5’

Sin2b In various sub-samples

5 0 5
At (ps)
sin(2B) measured in
several At bins
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Largesin2PB in B® 2 y~,Ks

—At|/x
_e B : _ .
feps V=47 —1* sin2f| L 2"’]5'”(‘"””’&”)] Lepton tags Kaon tags
« fit for BY/BC At PDFs, not for A, : v v
e accommodate large asymmetry with : - go fags 3

negetive signal PDF (at -(+)m/2Am, for 15 |
BY(BO) tagged events) :

E 3
« Possible, because : L : WHH\U\
— No events at these At (eg. lepton tags) ~ R -
(eg. lep ) \ﬁ

— Sum of signal + background PDFs

positive (eg. Kaon tags)

_E’ tags -
* Note: asingle lepton B°-tag at L3 \ -
At = -n/2Am would bring sin2f3 from 2.6 to, | _ -

~1/(1-2w,) = 1.1 - [N 5

» Measure sin2f3 unbiased for low stét. > \ -
samples and probability to obtain 0 e e L A e
sin2B>2.6 when true value 0.7 is 1-2% A e R
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Runl->Run2 Changes/Results

 First publication in March 2001
sin(2B) = 0.34 + 0.20 + 0.05 PRL 86 (2001) 2515

» Changes since then:
— Moredata (run 2): 23 >32 BB pairs
— Improved reconstruction efficiency

— Optimized selection criteria takes into account CP
asymmetry of background in JyK,

— Additiona decay modes y-,Ksand JyK™
— Improved vertex resolution for reconstructed and tag B

Jan 5, 2002 C. Bozzi - INFN Ferrara



PRL modes
JIYKL
JIYK*0)
ycKs

P(25)Ks

Average

Jan 5, 2002

Run 1/ Run 2 Results

Run 1

Difference for PRL

modes: 1.8¢c

II\IllHllHll‘ IIII|III\|IIH|IHI|HII
1050051152253 35

sin2f

e

0.83+0.23 PRL modes
0.6810.58 JIWYKL
0.2011.60 JIPK*0
1.14£1.25 A cKs
1.90£1.20 Y(2S)Ks
1.60+0.70

0.7240.27

0.82£0.22 Average

C. Bozzi - INFN Ferrara

1050051152253 35
sin2f

0.33:0.18
0.71£0.42
1.30£1.20
3607,

0.40:0.49

0.13£0.65

0.2310.24

0.46:0.18
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Major Sources of Systematic Error in Sin23

Measurement is Statistics Dominated

Error/Sample |Kq K, K™0 Total
Statistical 015 (034 |1.01 0.14
Systematic  |0.05 |0.10 |0.16 |0.05

= Signal resolution and vertex reconstruction ==p>(.03

= Resolution model, outliers, residual misalignment of the
Silicon Vertex Detector

= Flavor Tagging =l (.03
m possible differences between B, and Bg,,,, Samples
= Background Characterization: === (.02 (overall)

= Signal probability, fraction of B' background in the signal
region, CP content of background

= Total 0.09 for J/¥ K, channel; 0.11 for J/¥ K*
= [otal Systematic Uncertainty: ssssssip (.05 for total samgde

Jan 5, 2002 C. Bozzi - INFN Ferrara



Search for Direct CP

If at least 2 amplitudes with a weak
phase difference contribute

|A| might be different from 1

(tree amplitude and leading penguin amplitude 1| }\‘fcp |2
for B> Jy K have same weak phase in SM) Cfcp - e |2
1+|Af, |

Acp =CfCP COSAm At+S; sin Am At - 2ImA;,

o 2
1+[As g, |

fep

Probing new physics (only use ngp=-1
sample that contains no £P background)

2] = 0.93 £ 0.09 (stat.) £ 0.03 (syst.)

No evidence of direct CP violation due to decay amplitude
interference (coefficient of the "sine” term unchanged)
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Jan 5, 2002

L uminosity Proj

75
70
65
60

g O,
o U o ;m

o

Integrated Luminosity (fb™)
R R R I NN
o O O O (9)]

(== BN |

/
BABAR /
Run 2 We are Here /
—  PEP-Il Delivered 41.86/fb //
. BABAR Recorded 40.09/fb

BABAR off-Peak 3.

88/fb /

/ — Delivered Luminosity [
— Recorded Luminosity
—  Off Peak —
— Seeman scenario
| - andBEENEE
g DL v b v <y 0O LAy NDL VDL <
%2282 %% 922D 0% %Y

C. Bozzi - INFN Ferrara

ection to Summer 2002

Project 100 fbo! by
Jun 2002

Hope to analyze
Data very Quickly

As demonstrated
Already
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Luminosity Plans for BABAR & PEP ||

Expect 550 fb! By 2006

Integrated Lumi [fb-1]

| | |
I 1 1 1 1
o N B~ OO

600
500
400
300
200
o LIL ﬂ_
1999|2000 2001|2002 2003 2004|2005 2006
Yearly Lumi 2 23 | 40 45 | 62 | 100 | 100 | 170
Cumulative Lumi| 2 | 25 | 65 | 110 | 172 | 272 | 372 | 542
Peak Lumi 1 2 4 5 6 |85 11 | 16

=
N D

=
o
Peak Lumi [10**33]

Year

| Yearly Lumi
B Cumulative Lumi
O Peak Lumi

Jan 5, 2002

C. Bozzi - INFN Ferrara
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Prognostications on Future Sin2[3 Precision

e Inthe Charmonium Modes

— Add more sub-modes “ drops in the bucket” :

o Select WY— hadrons, not just W— e e or ut u-,
» smarter event selection (bremstrahlung recovery)

* Expect for charmonium modes: =) . 5 <0.08 for 100 fb L

— Add new CP modes:;
e b5sss =B — OKq > Osn2p <0.25 for 500 fb™

— Compare with sin2p fromb—ccs -
« Cabibbo Suppressed B — ¥ nomm) O, 5 <0.23 for 500 fb

— Look for differencein sin23 measured from b— ccCs
» bound u-quark penguin pollution

e Cabibbo suppressed b—ccd = B — D D)
— May contain (small but unknown) penguin pollution
» D*D* mode requires angular analysis (in progress)

Jan 5, 2002 C. Bozzi - INFN Ferrara
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New Modes for “Sin2p": 20 fb!

b — SSS
L B B beccd

BA_B_AR - | B D>x<+D>x<— ‘ |
6:— BO%(I)Kg — B —

~ 32 events

~ 11 events

Events'2.25 MeV/c?
|_\
o

Events/2MeV
N

_J-L | I_Bﬁl'Pln? | _7.-‘ FUNEN PPV I B PRDYON DY B

0 - 7 3.2 5.22 5.24 5.26 5.28
5.200 5.225 5.250 5.275 5300 :+ , ' : Mee (GeV/cd)
M (GeV) .- ]

AE(GeV)

S MeVie”

-

entries

5.2 5.225 5.25 5.275 5.3
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CP Violationin B® — wtr~ Decays
tree diagram penguin diagram

. W
w u &

d

u

d u

Weak phase (only tree diagram) Additional phase from penguin diagram

qA, Y »iol [|A |# 1= must fit for direct CP
A= A— =T;€ B — N~ [im (A) # sin20. = need to relate
P A asymmetry to o
C..=0,S, . =3sn2a C..#0,S, = 9N20

Decay distributions f,(f ) when tag = BO(BY)

f, ()= Atz (1S, SN(AM,ADF Cry COSAMAD)]
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B2>ntn Ktn ,K*K~ Data Sample

Likelihood Analyis with high | 3> ... 1 . B

reconstruction efficiency: é.si L 13

Loose selection criteria yield 2 epton ] B

9741 two-prong candidates in Sl 1 Sl

30.4 fbl 3 LE

(includes 97% background, st ] wp ]

almost entirely from continuum) M 1 Ka?n, L
/ | E mEs(Leplon)  Gevie | _ mEs(.Kann) Gevie

sum of wrr/K*m mgd 2 | BABAR | BABAR

distributions by tagging 3| 1 Se _

category (particle ID used 2 s

in likelihood fit for nrn/Kn Snf 1 & ]

separation) T

52 5225 5.25 5.275 53 52 5225 525 5.275 53
el

- 2 ~ vl
mes (NT1) GeV/c meg (NT2) GeV/c
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B 2 /K - Likeihood Fit

e Simultaneous extended ML fit to the BRs and CP
asymmetries:
— 8event types (Sig and Bkg: n*r, K*n~, K-t* , K*K- - measure
also direct CP violation in charge asymmetry
A = N(K-t*)-N(K*7")/N(K-7t*)+N(K*r)
— Discriminating variables (mzg, AE , Fisher, Cherenkov angles, At)

— Mistag rates and At signal resolution function same asin sin2f3 fit
(uses aso untagged events to improve BR measurements)

— Amy, BOlifetime fixed
— Empirical background parameters determined from m.g sidebands
o With 30.4 fb:

65 + 12 n*n-, 217+18 K'n-, 4.3 = 2;; K*K-

Jan 5, 2002 C. Bozzi - INFN Ferrara
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B® 2 - Asymmetry Result

—
<

hep-ex/0110062

Events / 1 ps
So

S(z'm )= 0.03",7 (stat) £0.11(syst)

+0.45

Cr'm )= —0.25_,,, (stat) £0.14 (syst) 8 0s | _
t_F | | oV
A, (K 77)=-0.07 £0.08 (stat) +0.02 (sys ~  k i ‘ .................. |

=
~-0.5 -

« Measurement compatible with no2Pin B® > mr-
o Statistically limited dueto small branching fraction
» Need ~500/fb for 6(S,_) ~ 0.10-0.15
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Summary and Outlook

« New precision measurements of B%B* lifetimes and BOB° mixing
frequency Am,
T, = 1546+ 0032 +0.022 ps
. =1673+0032+0.022 ps
T,/1. = 1.082 £ 0.026 + 0.011

Amy=0.516 + 0.016 + 0.010 ps-t(hadronic)
Amy=0.493 £+ 0.012 + 0.009 ps(dileptons)

« Measurement of flavor-tagged, time-dependent B decays at
asymmetric B factory has become established technique

e BaBar observes CP violation in the B? system at 4c level
sin(2B) = 0.59 + 0.14 + 0.05

— Probability is< 3 x 10°to observe an equal or larger value if no CP violation exists
— Corresponding probability for only then = -1 modesis2 x 104

Jan 5, 2002 C. Bozzi - INFN Ferrara
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Summary and Outlook (cont.)

Best measurement of CPV in mixing:

g/p| = 0.998 + 0.006 + 0.007

First measurement of time-dependent CP asymmetry in rare B
decay mode B 2 wtn-

S(z*w )= 0.0377 (stat) £0.11(syst)

0.56
C(r'm )=-0.25""" (stat) +0.14 (syst)
The study of CP violation in the B system has started:

— sin(23) will very soon become precision measurement (= unitarity triangle
constraints will be limited by other CKM parameters)

— Need to compare sin(23) from different decay modes to test standard model

With anticipated 100 fb-t by next summer, error in sin(2B) will be
0.08 and for the asymmetry in B - '~ error will be ~0.3

Jan 5, 2002 C. Bozzi - INFN Ferrara
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BaBar Aim : Multiple Measurements and Tests
to Overconstrain the Unitarity Triangle

Sin2f is just one focus of BaBar: Work in progress on Many Fronts

An Exciting era of B physics in Progress !

n
A B~ ', pin, atn, ... B—~ Div,Dlv
B™nlivplv, ... B~Dm,....
B~ T, pT -
l B,= B,
Vub
td
C(0,0) )(\ B(0,1)

/

0 F e Kt
Bd—n-—J/‘.Jrfl{s .D D-D D vee

> D
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The Unitarity Triangle and This Measurement

‘ | One solution for f3 is
- consistent with

measurements of

— sides of Unitarit

Error on sin2f is dominated
by statistics
- will decrease as

1
JLuminosity

-1 0 1 2

Example: Hocker et al, hep-ph/0104062
(also other recent global CKM matrix analyses)

ol
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