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The measurement of sin(2�)

D. Bortoletto

Purdue University, West Lafayette IN 47907-1396, USA

daniela@physics.purdue.edu

Abstract: Since the �rst observation in 1964, CP violation remains one of the most elusive aspects

of the standard model. The CDF collaboration has reported the �rst evidence of CP violation in

the B system using the world's largest sample of B ! J= K0
S decays. The direct measurement of

sin(2�)=0.79+0:41
�0:44 (combined statistical and systematic error) agrees with the standard model predic-

tions. New data collected from the B-factories and from the upgraded experiments at the Tevatron

should allow a more precise measurement of sin 2� in the near future.

1. Introduction

The violation of invariance under charge-conjugation

and parity (CP) transformations was �rst ob-

served in the neutral Kaon system in 1964 [1].

In the standard model with three generations

of fermions, CP violation arises from a single

complex phase in the mixing matrix for quarks.

The CKM matrix, VCKM , is a unitary matrix [2]

that transforms the mass eigenstates to the weak

eigenstates:

VCKM =

0
@ Vud Vus Vub

Vcd Vcs Vcb
Vtd Vts Vtb

1
A �

0
B@

1� �2

2
� A�3(�� i�)

�� 1� �2

2
A�2

A�3(1� �� i�) �A�2 1

1
CA+O(�4)

It is useful to express the CKM matrix in terms

of the four Wolfenstein [3] parameters: �, A, �

and �. The sine of the Cabibbo angle, �, is mea-

sured in semileptonic kaon decays, � = jVusj =
0:2196� 0:0023, and plays the role of an expan-

sion parameter. A can be determined in b ! c

decays since A = Vcb=�
2. Only � and A are

measured precisely while � and � must still be

determined. The parameter � represents the CP-

violating phase and must be di�erent from zero

to accommodate CP violation in the standard

model.

The condition of unitarity between the �rst

and third columns:

VudV
�

ub + VcdV
�

cb + VtdV
�

tb = 0

can be represented geometrically as a triangle in

the �-� plane. The apex of the triangle has co-

ordinates (�, �) as shown in �gure 1. The three

angles of the unitarity unitarity triangle are :

� = arg

�
� VtdV

�

tb

VudV
�

ub

�

� = arg

�
�VcdV

�

cb

VtdV
�

tb

�


 = arg

�
�VudV

�

ub

VcdV
�

cb

�

Measurements of weak decays of B hadrons de-

termine the magnitudes of the three sides while

CP asymmetries in B meson decays determine

the three angles. The goal of B physics in the

next decade is to measures both the sides and an-

gles of the unitarity triangle and test consistency

within the standard model.

2. CP violation in the neutral B me-

son system

The neutral b meson system, B0(�bd), is not an

eigenstate of CP. The standard phase space con-

vention de�nes:

CP jB0 > = �j �B0 >

CP j �B0 > = �jB0 >
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Figure 1: The unitary triangle in the complex �� � plane.

Similarly to the neutralK mesons, the mass eigen-

states of the neutral B system are not the 
a-

vor eigenstates. The mass eigenstates are called

heavy and light and they are denoted by BH and

BL:

jBL > = pjB0 > +qj �B0 >

jBH > = pjB0 > �qj �B0 >

with �md =MH �ML and �� = �H � �L the

mass and width di�erence respectively. While

the two neutral K mesons have very di�erent life-

times, the lifetime di�erence in the neutral B sys-

tem is negligible. Therefore the 
avour of the B

meson at production must be determined by tag-

ging.

The possible manifestation of CP violation

can be classi�ed according to three main cate-

gories: CP violation in the decays, CP violation

in mixing and CP violation in the interference

between decays with and without mixing.

CP violation in the decays can occur both in

charged and neutral decays when the amplitude

for a decay and its CP conjugate mode have dif-

ferent magnitude. This is often called direct CP

violation and can be studied by comparing the

decay rates �(B ! f) with �( �B ! �f), where f

and �f are CP-conjugate �nal states. If A and �A

are the amplitudes for the process B ! f and
�B ! �f , we have CP violation in the decay if����A�A

���� 6= 1:

If this condition is met the CP asymmetry ACP
can be de�ned as :

ACP =
�( �B ! �f)� �(B ! f)

�( �B ! �f) + �(B ! f)

Since in the standard model the amplitude for a

decay and its CP conjugate di�er at most by a

phase factor, we can observe CP violating e�ects

only if there are at least two interfering ampli-

tudes. In the case of the decay �B0 ! K��+ such

interference can be provided by the tree and the

penguin contributions.

CP violation in mixing can occur when two

neutral mass eigenstates cannot be chosen to be

CP eigenstates. This is also called indirect CP

violation and it is measured by the parameter �

in kaon decays. Mixing provides an interfering

amplitude that can potentially produce CP vi-

olation. For example, CP violation in the kaon

system is largely due to mixing. The condition

for CP violation in mixing is that
����qp
���� 6= 1

In the neutral B system, indirect CP violation is

expected to be small, of O(10�4).
CP violation in the interference between de-

cays with and without mixing can occur when

there are CP �nal states, fCP , that are com-

mon to B0 and �B0. In these cases the process

B0 ! �B0 ! fCP can interfere with the direct

decay B0 ! fCP . Let us assume that the �nal

2
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state fCP is an eigenstate of CP with eigenvalues

�CP= �1. CP violation produces a non exponen-

tial decay probability:��A(B0(t)! fCP )
��2 �

e��t[1� �CP (f) sin(�mdt) sin 2(�M � �D)]
��A( �B0(t)! fCP )

��2 �
e��t[1 + �CP (f) sin(�mdt) sin 2(�M � �D)]

where �M and �D are the mixing phase and the

direct weak phase respectively.

The CP asymmetry as a function of time is

de�ned as:

ACP (t) =
d�
dt
( �B0 ! fCP )� d�

dt
(B0 ! fCP )

d�
dt
( �B0 ! fCP ) +

d�
dt
(B0 ! fCP )

= �CP (f) sin 2(�M � �D) sin�mdt

We can also compute the time integrated asym-

metry as:

ACP = �CP (f)
xd

1 + x2d
sin 2(�M � �D)

where xd = �md=�(B
0) = 0:732 � 0:032 [6] is

the B0 � �B0 mixing parameter. Such a time in-

tegrated asymmetry can be measured in a hadron

collider where the B mesons are produced uncor-

related. At a B-factory operating at the �(4S)

the B mesons are produced as a B0 and a �B0 in

a correlated C=� 1 quantum state. Therefore,

the time integrated CP asymmetry vanishes since

the two B mesons evolve coherently; until one of

them decays, we always have a B0 and a �B0. At

a B-factory operating at the �(4S), it is crucial

to measure the CP asymmetry as a function of

the time di�erence, Æt = tCP � ttag , between the

B decaying into a CP eigenstate and the tagged

B �nal state. At the Tevatron the B mesons are

produced incoherently and the asymmetry can be

measured either as a time dependent or a time

integrated quantity. The time dependent anal-

ysis is more powerful. First, there is more sta-

tistical power in the time dependent asymmetry;

decays at low lifetime exhibit a small asymmetry

because there has not been enough time for mix-

ing to generate the interference which leads to

CP violation. In fact ACP (t) has a maximum at

t � 2:2 lifetimes. Moreover, a substantial frac-

tion of the combinatorial background occurs at

short proper time.

3. Determination of sin 2�

The angle � can be determined by studying dif-

ferent types of b decay modes. The best deter-

mination of sin 2� can be achieved by studying

color suppressed decays such as b ! c�cs. The

golden mode is the decay B0= �B0 ! J= K0
s .

The dominant penguin contribution has the same

weak phase as the tree amplitude[11]. The only

term with a di�erent weak phase is suppressed

by O(�2). Therefore the extraction of � from

the measurement of the asymmetry in B0= �B0 !
J= K0

s su�ers negligible theoretical uncertain-

ties.

Cabibbo suppressed modes such as b ! c�cd

can also be used to determine sin 2�. The tree

amplitude for B0= �B0 ! D �D is proportional to

� sin 2�. The contribution of penguin graphs

with di�erent weak phases is potentially signif-

icant in these decay modes since the tree con-

tribution is Cabibbo suppressed. A determina-

tion of the possible phase shift due to the pen-

guin contribution will be highly model dependent

and have large theoretical uncertainties since it

will be dominated by low energy hadronic e�ects.

Progress on measuring � through these decays

will be possible only by comparing a variety of

�nal states.

In penguin dominated modes such as b! s�ss

or b ! d �ds the tree contribution is absent or is

both Cabibbo and color suppressed. Predictions

can be obtained for a few modes such as B !
�K0

s but the theoretical status is unclear.

At hadron colliders the golden mode B !
J= K0

s is especially interesting experimentally

because the J= ! �+�� decay mode gives a

unique signature and allows for a powerful trig-

ger. Therefore the decay B0 ! J= K0
S can be

reconstructed with an excellent signal to back-

ground ratio. The interference of the direct de-

cays B0 ! J= K0
S versus B0 ! �B0 ! J= K0

S

gives rise to a CP asymmetry that measures sin 2�

:

ACP (t) =
�B0(t)�B0(t)
�B0(t) +B0(t)

= sin 2� sin�mdt

The time integrated asymmetry is:

ACP =
xd

1 + x2d
sin 2�

3
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To measure the asymmetry we have to iden-

tify the 
avor of the B meson at the time of pro-

duction. The tagging algorithms are evaluated

in terms of eÆciency � for assigning a 
avor tag

and the probability that the tag is correct. The

quality of the tag is evaluated by de�ning the

tagging dilution as D = (NR�NW )=(NR+NW )

where NR(NW ) is the number of right (wrong)

tags. The observed asymmetry is reduced with

respect to the true asymmetry by the dilution

D: AobsCP = DACP : Therefore, the maximum

sensitivity can be achieved when the dilution is

large. A perfect tagging algorithm will have a

dilution D = 1. The statistical uncertainty on

sin 2� is inversely proportional to
p
�D2 and top

S2=(S +Nbck) where S is the number of signal

events and Nbck is the number of backgrounds

events within three standard deviations of the

B mass. Therefore the data sample should be

chosen to maximize the signal and minimize the

background.

Searches for a CP violating asymmetry us-

ing J= K0
S samples have been performed by the

OPAL [4] and by the CDF [10] collaborations

which have reported sin 2� = 3:8+1:8
�2:0 � 0:5 and

sin 2� = 1:8� 1:1� 0:3 respectively.

By combining indirect measurements it is pos-

sible to constrain the value of sin 2�. Currently

several analysis �nd that the standard model prefers

large positive values of sin 2�. One recent global

�t �nds sin 2� = 0:75� 0:09 [5].

4. The CDF Detector

The CDF detector is described in detail else-

where [7]. The measurement of the CP asym-

metry requires reconstruction of the decay mode

B0= �B0 ! J= K0
S with good signal over back-

ground, the measurement of the proper time t,

and the determination of the B 
avor at pro-

duction. The crucial detector features to achieve

these requirements include a four layer silicon

microstrip detector (SVX), a large volume drift

chamber, and excellent electron and muon iden-

ti�cation. The SVX measures the impact param-

eter, d, of charged tracks with a resolution that

allows the precise determination of the B meson

proper decay time t. The impact parameter res-

olution for charged tracks is �d = (13 + 40=PT )

�m, where PT is the magnitute of the component

of the momentum of the track transverse to the

beam line in units of GeV/c.

The CTC has a radius of 1.4 m and is oper-

ating in a 1.4 T axial magnetic B �eld. The CTC

provides excellent track reconstruction eÆciency

and good momentum resolution, (ÆPT =PT )
2 =

(0:0066)2 � (0:0009)2, which allows B meson re-

construction with a mass resolution of� 10 MeV/c2.

Electron (e) and (�) detectors in the central ra-

pidity region (jyj < 1) allow B meson detection

and provide triggers using semileptonic B decays

or B ! J= X and J= ! �+��.

5. The CDF Data Sample

CDF exploits the large B cross section at the

Tevatron to obtain a large sample of J= K0
S de-

cays to measure sin 2�. The analysis reported

here uses the entire Run I data sample of 110

pb�1 and is described in detail in [8]. The J= 

sample is identi�ed by selecting two oppositely

charged muon candidates, each with Pt > 1:4

GeV/c. A J= candidate is de�ned as a �+��

pair within �5� of the world average mass of

3.097 GeV/c2, where � is the mass uncertainty

for each event. The K0
S candidates are found

by matching oppositely charged tracks assumed

to be pions. The K0
S candidates are required to

have PT (K
0
S) > 700 MeV/c and to travel a signif-

icant distance Lxy > 5� from the primary vertex,

where Lxy is the 2-dimensional 
ight distance in

the plane perpendicular to the direction of the

beam. The �+�� and �+�� are constrained to

the appropriate masses and separate decay ver-

tices. A K0
S candidate is constrained to point

back to the B0 meson decay point, and the B0

meson candidate is constrained to point back to

the primary vertex. In order to further improve

the signal-to-background ratio, B candidates are

required to have PT (B) above 4.5 GeV/c.

The data are divided into two samples which

are called SVX and the non-SVX samples. The

SVX sample requires both muon candidates to

be well measured by the silicon vertex detectors.

The two dimensional 
ight distance, measured

in the plane perpendicular to the beam, can be

used to calculate the proper decay time ct, which

is the projection of the displacement along the

4
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B momentum. The B candidates in this sam-

ple have a precise proper decay time resolution

of �ct � 60 �m. The non-SVX sample contains

events in which one or both of the muon can-

didates are not measured in the silicon vertex

detector. B candidates in this sample have low

proper decay time resolution of �ct � 300� 900

�m. The lifetime information for both the SVX

and the non-SVX B candidates is used to evalu-

ate the asymmetry as a function of proper time

in order to reduce the statistical uncertainty in

sin 2�.

The J= K0
S mass from the vertex and mass-

constrained �t is used to de�ne the normalized

massMN = (m�����M0)=�fit. The uncertainty

in the �t, �fit, is typically � 10 MeV/c2, and

the world average neutral B0 mass,M0 is 5.2792

GeV/c2. The normalized mass distributions for

the SVX and non-SVX samples are shown in �g-

ure 2. The SVX sample and the non-SVX sample

contain 202�18 and 193�26 events respectively.
The event yields are extracted from an unbinned

likelihood �t. The total sample of J= K0
S is

395�26 events is used in this analysis. The SVX
subsample was used for a previous measurement

of sin 2�[10].

6. Flavor tagging

In order to observe the CP asymmetry, ACP ,

we must determine the b 
avour at production

by establishing whether the B meson contains

a b or �b quark. Since the error on sin 2� de-

pends on 1=
p
�D2N , we can improve the statisti-

cal reach by using several taggers. CDF has stud-

ied three tagging algorithms to measure �md in

B0 � �B0 oscillations. CDF measures �md =

0:495 � 0:026 � 0:025 ps�1, which agrees well

with the world average[6]. Two are opposite side

tag algorithms and one is a same side tag al-

gorithm. The dilution parameters for all tag-

ging algorithms are measured on calibration sam-

ples. At the Tevatron the strong interaction cre-

ates b�b pairs at suÆciently high energy that the

B mesons are largely uncorrelated. For exam-

ple, the b quark could hadronize as a �B0 while

the �b could hadronize as a B+, B0, or B0
s me-

son. Therefore we can use a sample of 998� 51

B� ! J= K� decays to measure the tagging

dilutions for the opposite side algorithms. The

performance of the same side tagging methods

is evaluated by tagging B ! �`D(�) decays and

by measuring the time dependence of B0 �B0 os-

cillations in this high statistics sample (� 6,000

events) and in a lower statistics sample of B !
J= K�0 (� 450 events). In the mixing case, the

measured asymmetry Amix is given by:

Amix(t) =
Nunmixed(t)�Nmixed(t)

Nunmixed(t) +Nmixed(t)

= Dcos(�mdt)

where Nunmixed(t) and Nmixed(t) are the num-

ber of candidates with same or opposite b 
avor.

CDF has used the meaasurements of B0 � �B0

mixing to determineD for the three di�erent tag-

ging methods used in this analysis.

The same side tagging method or SST [13]

relies on the correlation between the B 
avor and

the charge of a nearby particle. Such a correla-

tion can arise from the fragmentation processes

which form a B meson from a �b quark as illus-

trated in �gure 3 and from the decay of an ex-

cited B meson state (B��). In the fragmentation

a �b quark forming a B0 can combine with a d in

the hadronization leaving a �d which can form a

�+ with a u quark from the sea. The excited B

state will decay B��+ ! B(�)0�+. Therefore in

both cases a B0 ( �B0) meson is associated with a

positive (negative) particle respectively. The ef-

fectiveness of this method has been demonstrated

by tagging B ! �`D(�) decays and observing the

time dependence of the B0� �B0 oscillations. The

SST method selects a single charged particle as

a 
avor tag from those within an � � � cone of

half-angle 0.7 around the B direction. The pseu-

dorapidity � is de�ned as � = �ln[tan(�=2)]; �
is the polar angle relative to the proton beam

direction, and � is the azimuthal angle around

the beam line. The tag must have PT (tag)> 400

MeV/c. It must be reconstructed in the SVX

and have impact parameter within 3 �d of the

primary vertex, where �d is the error on the im-

pact parameter. If there is more than one track

candidate, we select as the 
avor tag the one with

the smallest P rel
T , where P rel

T is the component of

the the track momentum with respect to the mo-

mentum of the combined B+track system. The

dilution of the SST sample was measured, us-

5
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Figure 2: Left: Normalized mass for the J= K0

S candidates where both muons have high precision decay

length measurements in the silicon vertex detector. Right: Normalized mass for the J= K0

S where either one

or both muons are not measured in the silicon vertex detector.

ing the SVX sample, to be D = (16:6� 2:2) %.

This dilution was obtained by measuring D in

the large B ! `D(�)X data sample used in the

mixing analysis. A Monte Carlo simulation was

used to extrapolate from the momentum range of

B mesons in semileptonic decays, which have an

average PT of 21 GeV/c, to the lower B momen-

tum of the B ! J= K0
S sample with an average

PT of 12 GeV/c. When using the non-SVX sam-

ple, the SST tagging algorithm is modi�ed by

dropping the SVX information for all candidate

tagging tracks and therefore increasing the ge-

ometric acceptance. A dilution scale factor fD
is de�ned by Dnon�SVX = fDDSVX . The scale

factor is measured in the B� ! J= K� sam-

ple to be 1:05 � 0:17, yielding a dilution in the

non-SVX sample D = (17:4� 3:6) %.

The opposite side tagging algorithms identify

the 
avor of the opposite B in the event at the

time of production. CDF employs two opposite

side tagging methods: soft lepton tag (SLT) and

jet-charge tag (JETQ).

The soft lepton tag [14] associates the charge

of the lepton (e or �) from semileptonic decays

with the 
avor of the parent B meson as b! `�.

Since we are tagging the opposite B meson, its


avor is anti-correlated with the 
avor of the B-

meson that decays to J= K0
S. Hence a `�(`+)

tags a B0 ( �B0) decaying as B ! J= K0
S . A

soft muon tag is de�ned as an identi�ed muon

with PT > 2 GeV/c; the muon selection is sim-

ilar to that for J= ! �+��. A soft electron

tag is de�ned as a charged track reconstructed

in the Central Tracking Chamber (CTC) with

PT > 1 GeV/c and extrapolated into the elec-

tromagnetic calorimeter. The position informa-

tion from proportional chambers in the central

calorimeter is required to match the CTC track,

and the shower pro�le and pulse height must be

consistent with an electron. The electron can-

didate's CTC track must have a dE=dx deposi-

tion consistent with an electron. A dilution of

the SLT tagging method is measured by apply-

ing the SLT algorithm to the B� ! J= K� data

sample. We �nd D = (62:5� 14:6)%.

The other opposite side method, "Jet charge"

or JETQ, tags the b 
avor by measuring the av-

erage charge of the opposite side jet. If a soft

lepton is not found we calculate Qjet as:

Qjet =

P
i qiPTi

(2� (Tp)i)P
i PTi

(2� (Tp)i)

where qi and PTi
are the charge and transverse

momentum of track i in the jet. The quantity

TP is the probability that track i originated from

6
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Figure 3: The same side 
avour tag method is based on the correlation between the b 
avor and the charge

of particles produced in the b quark fragmentation.

the p�p interaction point. Tracks displaced from

the primary vertex are characterized by TP � 0.

Therefore, displaced tracks from B decays will

have a larger weight in the sum than tracks from

the primary interaction. For b quark jets, the

jet charge has on average the same sign as the b

quark charge. The algorithm was optimized by

maximizing �D2 on a sample of B� ! J= K�

events generated by a Monte Carlo program. The

jet is formed by clustering charged tracks with

PT > 0:40 GeV/c around a seed track of PT >

1:75 GeV/c until the mass of the cluster is ap-

proximately equal to the mass of the B meson.

Tracks within �R < 0:7 are excluded to avoid

overlap with SST tags. The B0 meson decay

products are explicitly excluded from the jet. If

several jet candidates are found, we select the

cluster which is most likely to be a b jet based on

impact parameter and cluster transverse momen-

tum. A B0 ( �B0) is selected by Qjet < �0:2 (>

0:2). If the jet charge jQjetj < 0:2, then the

jet is considered untagged. The dilution D =

(23:5 � 6:9) % is found by applying the JETQ

algorithm to the B� ! J= K� data sample.

Each event can be tagged by two tagging al-

gorithms, one same side and one opposite side.

We use the SLT if both JETQ and SLT tags are

present to avoid correlations between the two op-

posite side tagging algorithms. A soft lepton tag

SLT can still be used as the SST track. This

introduces a small overlap between the two tag-

ging algorithms which e�ects only three events

and does not change the �nal result.

A positive (+ tag) is de�ned as the tag of a �b

quark (B0 meson). A negative (�tag) is de�ned
as the tag of a b quark ( �B0 meson). A null (0 tag)

corresponds to an event where the 
avor of the

B meson was not identi�ed. The eÆciency and

dilution of the tagging methods must be general-

ized to take into account possible detector asym-

metries. For example, the CDF tracking cham-

ber has a 1% bias due to the tilted cell geometry

that favors the reconstruction of positive charge

tracks at low transverse momentum. To allow for

7
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Tagging method � Dilution

SST SVX 35:5� 3:7 16:6� 2:2

SST non-SVX 38:1� 3:9 17:4� 3:6

SLT all 5:6� 1:8 62:5� 14:6

JETQ all 40:2� 3:9 23:5� 6:9

Table 1: Summary of the tagging algorithms per-

formance. All numbers are in percent. The eÆ-

ciencies are obtained from the B ! J= K
0

S sam-

ple. The dilution parameters are derived from the

B
�
! J= K

� sample

this asymmetry, we de�ne �+R( �
+
W ) as the frac-

tion of B meson of type + that will be tagged as

+ (�). The fraction �+0 is the fraction of B me-

son of type + that are not tagged. We have six

parameters that account for these asymmetries-

�+R, �
+
W , �+0 , �

�

R, �
�

W and ��0 , but only four are in-

dependent since by de�nition �+R + �+W + �+0 = 1

and ��R + ��W + ��0 = 1.

The performances of the individual tagging

methods are comparable as summarized in table

1. The three tagging methods are combined

to reduce the uncertainty in the CP asymme-

try. Since the soft lepton tagging has low eÆ-

ciency but high dilution, the jet charge tagging

information is dropped if there is a lepton tag.

This avoids correlations between SST and JETQ.

Therefore a neutral B is tagged by at most two

methods. We combine two tagging algorithms

by de�ning the dilution weighted tags Di = qiDi

where q = 1;�1; 0 for B0, �B0 and untagged

events respectively. The combined dilution is:

Dq1q2 =
D1 +D2

1 +D1D2

and the combined eÆciency is:

�q1q2 = �q1�q2(1 +D1D2)

If the tags agree, the e�ective dilution is increased

while if they disagree, the e�ective dilution is de-

creased. If two perfect tagging algorithms give

an opposite tagging charge q ( D1 = D2 and

jD1j = 1), then the e�ective dilution and the

combined eÆciency must be zero since by de�ni-

tion perfect tagging algorithms cannot disagree.

The combined tagging power is �D2 = (6:3�1:7)
%, and the eÆciency for 
avor tagging a J= K0

S

with a least one tag is � 80 %.

7. The measurement of sin(2�)

An unbinned likelihood �t is used to determine

sin 2�. The parameters in the �t can be described

as a vector with 65 components. The value of

sin(2�) is a free parameter of the �t while the re-

maining 64 parameters describe other features of

the data. The likelihood function is described in

detail in [8]. The likelihood function is the prod-

uct
Q

i Pi where i runs over all selected events

and Pi is the probability distribution that an

event is signal or background for the normalized

mass, the lifetime and the 
avor tag ( q1; q2; q3
). There is a separate set of parameters for the

SVX sample and the non-SVX sample but both

are part of the same �t. The Pi assume that the

events are signal or background, either prompt

or long lived, and therefore the Pi contains three

components PS , PP and PL. The �t includes the

e�ective dilution, the normalized mass and the

lifetime. Each of the components is expressed as

the product of a time-function (TS , TP , TL), a

mass-function (MS , MP , ML), and the tagging

eÆciency (�S , �P , �L). The time-function TS has

a dependence on the B lifetime and the mixing

parameter. The B0 lifetime � and the mixing

parameter �md are constrained to the world av-

erages: � = (1:54�0:04) ps and �md = (0:464�
0:018)�h ps�1. The prompt J= background is

represented by a Gaussian which depends on the

proper time and its uncertainty. The long lived

background function TL has positive and nega-

tive exponentials in time which represent pos-

itive and negative long-lived background. The

positive long-lived background is from real B de-

cays while the negative component is due to non-

Gaussian tails in the lifetime resolution. The sig-

nal mass function MS is a Gaussian while the

prompt and long lived mass functions are linear

in mass. The tagging eÆciency function for the

signal is constrained by the measurement of the

tagging eÆciencies and dilutions. The prompt

and long-lived background functions, �P and �L,

give the probability of obtaining the observed

combination of tags for prompt and long-lived

background events.

The �t yields sin(2�) = 0:79+0:41
�0:44 (stat: +

syst:) The asymmetry is shown in �gure 4 for

the SVX and non-SVX events separately. The

8
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asymmetry for the SVX events which have good

ct resolution is shown as a function of the proper

lifetime. The lifetime information for the non-

SVX events is utilized in the �t but the time-

integrated asymmetry is shown in �gure 4 be-

cause the decay length information has low res-

olution. The data shown in �gure 4 have been

side-band subtracted. The curves displayed in

the plot are the results of the full maximum like-

lihood �t using all the data. The uncertainty can

be divided into statistical and systematic terms:

sin(2�) = 0:79� 0:39(stat:)� 0:16(syst:)

The error is dominated by the statistical uncer-

tainty. The systematic term is dominated by the

uncertainty in the dilution parameters.

A scan of the likelihood function can be used

to determine whether the CDF result supports

sin(2�) > 0. Using the Feldman-Cousins fre-

quentist approach [12] we determine 0:0 < sin 2� <

1 at 93 % con�dence level. The Bayesian method

assumes a 
at prior probability in sin(2�) and

yields sin(2�) > 0 at 95 % con�dence level. More-

over if the true value of sin 2� is zero and a Gaus-

sian error uncertainty 0.44 is assumed, the prob-

ability of measuring sin 2� > 0:79 is 3.6 %. This
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Figure 4: The true asymmetry as a function of time

for J= K0

S events. The data points are side-band

subtracted and have been combined according to the

e�ective dilutions for single and double tags. The

time integrated asymmetry for non-SVX events are

shown on the right.

is the �rst compelling evidence for CP violation

in B meson decays.

Several checks were performed. We remove

the constraint of �md to the world average in the

�t and measure sin 2� = 0:99+0:44
�0:41 and �md =

0:68 � 0:17 ps�1. A simpli�ed time-integrated

measurement of the asymmetry yields sin 2� =

0:71� 0:63.

The same tagging analysis and �tting pro-

cedure was applied to a sample of � 450 B0 !
J= K�0 events. The �t yields �md = 0:40�0:18
ps�1 which is consistent with the world average

�md = 0:464� 0:018 ps�1.

8. Summary and future prospects

The CDF measurement provides a �rst evidence

for large CP asymmetries in the B0 system. More

precise measurements of sin 2� will soon be pro-

vided by the B-factories at SLAC and KEKwhich

have recently started data taking. The CDF and

D0 experiments at the Tevatron are expected to

resume data taking with the upgraded Tevatron

in March 2001. Run II should deliver a factor

of 20 more luminosity than run I. Moreover the

CDF and the D0 detectors will undergo major

upgrades[15]. For CDF we project a data sam-

ple of 10,000 J= K0
S events from dimuon trig-

gers yielding an error on sin 2� of about �0:08.
CDF is considering adding a J= ! e+e� trig-

ger which will increase the data sample by � 50

%. A time of 
ight system which will improve


avor tagging has also been added to the run II

upgrade. Moreover, the study of CP violation in

Bs decays and the measurement of �ms will be

unique to hadron colliders. Therefore, the Teva-

tron will continue to play a unique role in the

testing of the CKM matrix.
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