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We note that it is possible to determine the weak phaseg from the time dependent measurements of the

decaysBs
0(t)„B̄s

0(t)…→D̄0f without any hadronic uncertainties. These decays are described by the color
suppressed tree diagrams and hence are free from the penguin pollutions. We further demonstrate thatg can
also be extracted with no hadronic uncertainties from an angular analysis of corresponding vector vector

modes, Bs
0(t)„(B̄s

0(t)…)→D̄* 0f. Although the branching ratios for these decay modes are quite small
O(102521026), the strategies presented here appear to be particularly interesting for the ‘‘second generation’’
experiments at hadronicB factories.
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I. INTRODUCTION

Despite many attempts,CP violation still remains one of
the most outstanding problems in particle physics@1–3#. The
standard model~SM! with three generations provides
simple description of this phenomenon through the comp
Cabibbo-Kabayashi-Maskawa~CKM! matrix @4#. Decays of
B mesons provide a rich ground for investigatingCP viola-
tion @5,6#. They allow stringent tests both for the SM and f
studies of new sources of this effect. Within the SM,CP
violation is often characterized by the so-called unitarity
angle@7#. Detection of CP violation and the accurate det
mination of the unitarity triangle are the major goals of e
perimentalB physics @8#. Decisive information about the
origin of CP violation in the flavor sector can be obtained
the three anglesa([f2),b([f1) andg([f3) can be in-
dependently measured@9#. Within the standard model th
sum of these three angles is equal to 180°. Thus one test
standard model by testing whether independent determ
tion of the three angles give consistent results. Over the
decade or so many methods have been proposed for ob
ing the three interior angles of the unitarity triangle. In t
near future theseCP phases will be measured in a variety
experiments atB factories, DESY HERA-B and hadron co
liders.

The CP angles are typically extracted fromCP violating
rate asymmetries inB decays @10#. The phase b
[Arg(2Vcb* Vcd /Vtb* Vtd) @5Arg(Vtd* ), in the standard phas
convention# is measured by the time dependentCP asymme-
try in Bd

0(t)→J/cKS . Theoretically, this measurement pr
vides a very clean determination of sin 2b, since the single
phase approximation holds in this case@11,12#. Recently,
large CP violation in Bd

0→cKS has been observed by th
Babar and Belle Collaborations and a clean measureme
b has been made@13,14#. This is the first step towards
serious test of the standard model ofCP violation.
0556-2821/2002/65~5!/056015~7!/$20.00 65 0560
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The anglea[Arg(2Vtb* Vtd /Vub* Vud) can be measured
using theCP asymmetries in the decaysBd

0→p1p2, how-
ever there are theoretical hadronic uncertainties due to
existence of penguin diagrams@11,12#. A theoretical cleaner
way of resolving the penguin correction will require th
combination of the asymmetry inBd

0→p1p2 with other
measurements. A very early suggestion@15# was that one
also has to measure the isospin related processesB1

→p1p0 and B0/B̄0→p0p0 and can thereby extract th
anglea with reasonable accuracy.

The most difficult to measure is the angleg
[Arg(2Vub* Vud /Vcb* Vcd)@5Arg(Vub* ), in the standard con-
vention#, the relative weak phase between a Cabibb
Kobayashi-Maskawa-~CKM-! favored (b→c) and a CKM-
suppressed (b→u) decay amplitude. This angle should b
measured in a variety of ways so as to check whether
consistently finds the same result. There have been a lo
suggestions and discussions about how to measure this q
tity at B factories@16,17#. In Ref. @16# the authors proposed
to extract g using the independent measurements ofB

→D0K,B→D̄0K and B→DCP
0 K. However, the chargedB

meson decay mode (B2→D̄0K2) is difficult to measure ex-
perimentally. The reason is that the finalD̄0 meson should be
identified usingD̄0→K1p2 but it is difficult to distinguish
it from the doubly Cabibbo suppressedD0→K1p2. There
are various methods to overcome these difficulties. In R
@18# Atwood et al. used different final states into which th
neutralD meson decays, to extract information ong. In Ref.
@19# Gronau proposed that the angleg can be determined by
using the color allowed decay modesB2→D0K2,B2

→DCP
0 K2 and their charge conjugation modes. In Ref.@20#

a new method, using the isospin relations, is suggeste
extractg by exploiting the decay modesB→DK (* ) that are
not Cabibbo suppressed. Falk and Petrov@21# recently pro-
posed a new method for measuringg using the partial rates
©2002 The American Physical Society15-1
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for CP-taggedBs decays. It has been discussed in Ref.@22#
that it is possible to extractg cleanly fromBc→D0Ds de-
cays. Sometime ago it was pointed out in@23# that a clean
extraction of the angleg is possible by studying the tim

dependence of the color allowed decaysBs
0(B̄s

0)→Ds
6K7.

The angleg can also be measured using theSU(3) rela-
tions betweenB→pK,pp decay amplitudes@24,25#. These
analyses require additional theoretical input, such asSU(3)
flavor symmetry and arguments for the dynamical supp
sion of rescattering processes. While the validity of so
assumptions can be checked in the data itself, these
proaches leave theoretical uncertainties, which are har
quantify reliably. This limits the precision with which the
can be used to extractg by themselves. Nevertheless, th
will provide important cross-checks on other techniques
well as help us to address the discrete ambiguities wh
theoretically cleaner methods leave unresolved.

It has been known for many years now that it is possi
to cleanly extract weak phase information usingCP violat-
ing rate asymmetries in theB system. The earliest studies o
such rate asymmetries concentrated on the final states w
areCP eigenstates. However, it soon became clear that
tain non-CP eigenstates can also be used. It has been sh
by Aleksan, Dunietz, Kayser and Le Diberder~ADKL ! @26#
that the CKM phase can be cleanly determined in theB de-
cays to almost any final state which is accessible to bothBd

0

and B̄d
0 . In this paper we will emphasize that the dec

modesBs
0→ f ~where f 5D̄0f) and B̄s

0→ f can be used to
probe the weak phaseg. In this case sizableCP violating
effect can occur because the two interfering amplitudesBs

0

→ f andB̄s
0→ f are of comparable size. Another nice featu

of the above decay modes is that unique weak phases
involved which arise from tree diagram alone. No contam
nation from other weak phases are possible. Neither pen
diagrams nor rescattering with different weak phases ex
Hence the extracted weak phase is truelyg. It has been dis-
cussed by Gronau and London@27# that it is possible to
determineg considering the time dependent decay rates

the three processesBs
0→D0f,D̄0f andD1

0f ~whereD1
0 is a

neutralD mesonCP eigenstate!.

Here, we consider the final stateD̄0f and the correspond

ing vector vector modesD̄* 0f to which bothBs
0 andB̄s

0 can

decay. For theD̄0f(PV) final state we follow the ADKL
method@26# and for the vector-vector (VV) final state we
use the approach of Ref.@28#. Since currently running
e1e2B factories operating at theY(4S) resonance will not
be in a position to exploreBs decays, a strong emphasis h
been given to nonstrangeB mesons in the recent literature
However, theBs system also provides interesting strateg
to determineg and can prove to be useful system to und
standCP violation. So in order to make use of these me
ods and explore theCP violation in Bs system, dedicatedB
physics experiments at hadron machines, such as CE
Large Hadron Collider~LHC!, BTeV, etc., are the natura
place. Within the standard model, the weakBs

0-B̄s
0 mixing
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phase is very small, and studies ofBs decays involve very
rapid Bs

0-B̄s
0 oscillations due to large mass differenceDMs

5MH
s 2ML

s between the mass eigenstates. FutureB-physics
experiments performed at hadron machines should be
position to resolve the oscillations.

The paper is organized as follows. We present the met
for the determination of the angleg from the decay mode
Bs

0(t)„B̄s
0(t)…→D̄0f in Sec. II and from Bs

0(t)„B̄s
0(t)…

→D̄* 0f in Sec. III. Section IV contains our conclusion.

II. g FROM BS
0
„B̄S

0
…\D̄0f

Here we consider the final stateD̄0f to which bothBs
0

andB̄s
0 can decay. Both the amplitudes proceed via the co

suppressed tree diagrams only and there will be no pen
contributions. The amplitude forBs

0→D̄0f arises from the

quark transitionb̄→ c̄us̄ and has no weak phase in th
Wolfenstein parametrization, while the amplitudeB̄s

0→D̄0f

arises fromb→uc̄s and carries the weak phasee2 ig. The
amplitudes also have the strong phaseseid1 andeid2. Thus, in
general, one can write the decay amplitudes as

A~ f !5Amp ~Bs
0→D̄0f!5A1eid1 ,

Ā~ f !5Amp ~B̄s
0→D̄0f!5A2e2 igeid2. ~1!

The amplitudes for correspondingCP conjugate processe
are given as

Ā~ f̄ !5Amp ~B̄s
0→D0f!5A1eid1 ,

A~ f̄ !5Amp ~Bs
0→D0f!5A2eigeid2. ~2!

Due toBs
0-B̄s

0 mixing, a state which is created as aBs
0 or

a B̄s
0 will evolve in time into a mixture of both states@29#.

The weak phase ofBs
0-B̄s

0 mixing is decribed by the param
eter q/p. Within the standard model,q/p5(Vtb* Vts /VtbVts* )
is an excellent approximation. In the usual Wolfenstein p
rametrization it has zero phase anduq/pu;1. Since the final
state f 5D̄0f can be fed from bothBs

0 and B̄s
0 , the time

dependent rates can be written as@29#

G„Bs
0~ t !→ f …5

e2Gt

2 H @ uA~ f !u21uĀ~ f !u2#cosh
DGt

2

1@ uA~ f !u22uĀ~ f !u2#cosDmt

12Re@A~ f !* Ā~ f !#sinh
DGt

2

22Im@A~ f !* Ā~ f !#sinDmtJ ,
5-2
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G„Bs
0~ t !→ f̄ …5

e2Gt

2 H @ uĀ~ f̄ !u21uA~ f̄ !u2#cosh
DGt

2

2@ uĀ~ f̄ !u22uA~ f̄ !u2#cosDmt

12Re@Ā~ f̄ !* A~ f̄ !#sinh
DGt

2

12Im@Ā~ f̄ !* A~ f̄ !#sinDmtJ ,

G„B̄s
0~ t !→ f̄ …5

e2Gt

2 H @ uĀ~ f̄ !u21uA~ f̄ !u2#cosh
DGt

2

1@ uĀ~ f̄ !u22uA~ f̄ !u2#cosDmt

12Re@Ā~ f̄ !* A~ f̄ !#sinh
DGt

2

22Im@Ā~ f̄ !* A~ f̄ !#sinDmtJ ,

G„B̄s
0~ t !→ f …5

e2Gt

2 H @ uA~ f !u21uĀ~ f !u2#cosh
DGt

2

2@ uA~ f !u22uĀ~ f !u2#cosDmt

12Re@A~ f !* Ā~ f !#sinh
DGt

2

12Im@A~ f !* Ā~ f !#sinDmtJ , ~3!

whereG, Dm andDG denote the average width, the diffe
ences in mass and widths of the heavy and lightBs mesons
respectively. If we denote the masses and widths of the
mass eigenstates byML,H andGL,H then we have

G5
1

tBs

5
GH1GL

2
, Dm5MH2ML and

DG5GH2GL . ~4!

Thus the time dependent measurement ofBs
0(t)→ f decay

rates allows one to obtain the following observables:

uA~ f !u21uĀ~ f !u2, uA~ f !u22uĀ~ f !u2,

Re@A~ f !* Ā~ f !# and Im@A~ f !* Ā~ f !#. ~5!

If DG50, then only the observablesuA( f )u21uĀ( f )u2,
uA( f )u22uĀ( f )u2 and Im„A( f )* Ā( f )… can be extracted from
the time dependent study. However, ifDG is significantly
different from zero then all the four observables can be
tracted.

Similarly, the time dependent measurements ofBs
0(t)

→ f̄ decay rates will give another four observables. Fr
these observables, the weak phaseg can be determined
which will be explained below. Now if we substitute th
05601
o
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decay amplitudes, defined earlier in Eqs.~1! and ~2!, in Eq.
~3! then we get the decay rates as

G„Bs
0~ t !→ f …5

e2Gt

2 H ~ uA1u21uA2u2!cosh
DGt

2

1~ uA1u22uA2u2!cosDmt12A1A2cos~d2g!

3sinh
DGt

2
22A1A2sin~d2g!sinDmtJ ,

G„Bs
0~ t !→ f̄ …5

e2Gt

2 H ~ uA1u21uA2u2!cosh
DGt

2
2~ uA1u2

2uA2u2!cosDmt12A1A2cos~d1g!

3sinh
DGt

2
12A1A2sin~d1g!

3sinDmtJ ,

G„B̄s
0~ t !→ f̄ …5

e2Gt

2 H ~ uA1u21uA2u2!cosh
DGt

2

1~ uA1u22uA2u2!cosDmt12A1A2cos~d1g!

3sinh
DGt

2
22A1A2sin~d1g!

3sinDmtJ ,

G„B̄s
0~ t !→ f …5

e2Gt

2 H ~ uA1u21uA2u2!cosh
DGt

2

2~ uA1u22uA2u2!cosDmt12A1A2cos~d2g!

3sinh
DGt

2
12A1A2sin~d2g!

3sinDmtJ , ~6!

whered5d22d1 is the strong phase difference between t
two amplitudesB̄s

0→ f and Bs
0→ f . Thus through the mea

surements of the time dependent rates, it is possible to m
sure the amplitudesA1 andA2 and theCP violating quanti-
ties S[sin(d1g) and S̄[sin(d2g). In turn these quantities
will determine sin2g up to a fourfold ambiguity via the ex
pression

sin2g5
1

2
@12SS̄6A~12S2!~12S̄2!. ~7!

Here one of the signs on the right-hand side gives the
sin2g, while the other gives cos2d. Thus sin2g can be ex-
tracted cleanly with no hadronic uncertainties but with fo
fold discrete ambiguity. If the two mass eigenstates ha
widths which differ enough to result in measurable effect
5-3
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becomes possible to experimentally resolve some of the
biguities in the determination of sin2g.

Alternatively, one can also determine sin 2g up to fourfold
ambiguity using the relation

sin 2g5„SA~12S̄2!2S̄A~12S2!…. ~8!

Thus the measurements allow one to determine both s2g
and sin 2g and hence to extractg unambiguously.

Now let us compute the magnitudes of the amplitud
A( f ) and Ā( f ) and the corresponding branching ratios f
such modes. Using the factorization assumption the am
tudes for these modes are given as

A~ f !5Amp„Bs
0~P!→D̄0~q!f~e,p!…

5
GF

A2
Vcb* Vus a2 f D 2mfA0~mD

2 !~e* •q!. ~9!

It should be noted here that the nonfactorizable contributi
play a significant role in color suppressedB decays. How-
ever, since we are interested in finding out the order of m
nitudes of the decay amplitudes, here we consider only
factorizable contributions. So in general, one can expect
the estimated branching ratios may be either enhance
reduced due to the nonfactorizable effects.

The decay amplitude for the processB̄s
0→D̄0f can be

found by substituting the appropriate CKM matrix eleme
in Eq. ~9!. Hence, one can write

uĀ~ f !/A~ f !u5uAmp~B̄s
0→D̄0f!/Amp~Bs

0→D̄0f!u

5uVubVcs* /Vcb* Vusu;0.4. ~10!

Thus the advantage of using this final state is that since
two interfering amplitudes are of comparable size theCP
violating asymmetry will be large. The decay rates are giv
as

G~Bs
0→D̄0f!5

GF
2

4p
uVcb* Vusu2a2

2f D
2 uA0~mD

2 !u2upu3. ~11!

The value of the form factor at zero momentum transfer, i
A0(0) can be found from Bauer-Stech-Wirbel~BSW! model
@30# with value A0(0)50.272 @31#. The momentum depen
dence ofA0 can be found out assuming nearest pole do
nance given as

A0~q2!5
A0~0!

12q2/mp
2

, ~12!

where the value of the pole massmp55.38 GeV. Using
f D5300 MeV anda250.3, the branching ratio is found t
be

Br~Bs
0→D̄0f!51.6531025. ~13!

Similarly using Eqs.~10! and ~13!, the branching ratio for
B̄s

0→D̄0f is found to be
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Br~B̄s
0→D̄0f!52.6431026. ~14!

The predicted branching ratios for these decay modes, w
are of the order of;(102521026) imply that they can eas
ily be accessible in the second generation hadronicB facto-
ries. In hadron machines such as run II of Tevatron, LH
etc., one anticipates a very large data sample ofBs mesons.

We now make a crude estimate of the number of eve
required to measureg by this method. An estimate of th
sensitivity of the method can be obtained by comparing it
example toBs

0→Ds
2K1 decay. The BTeV experiment with

luminosity 231032 cm22s21 will produce 531010 number

of Bs
0B̄s

0 pairs per 107 sec of running time. The expecte
number ofBs

0→DsK events produced per year is 13100@32#.
The branching ratio forBs

0→Ds
2K1 is 231024, while the

branching ratio for Bs
0→D̄0f is one order magnitude

smaller. If we take the branching ratios asBR(Bs
0→D̄0f)

;1025, BR(D̄0→K1p2 and K1p2p1p2) to be 0.12
and BR(f→K1K2)50.5, the reconstruction efficiency t
be 0.05, and the trigger effeciency level as 0.9, we exp

around 1350 number of reconstructedBs
0→D̄0f events per

year. An important issue of using this method is that t
tagging of the initialBs meson is required. If we assume th
tagging efficiency to be 0.70@32# we expect approximately
945 tagged events per year. For the LHC experiments
several tagging strategies have already been studied suc
fully @33#. It is expected that a complete description of t
tagging studies will be available by the time the second g
eration hadron machines are in operation. Thus the ques
of whether this analysis is possible rests on whether the t
resolution is sufficient to separate the three different tim
dependent terms.

III. g FROM Bs
0
„B̄S

0
…\D̄* 0f

Now we consider the final statef 5D̄0* f, consisting of

two vector mesons to which bothBs
0 and B̄s

0 can decay. Be-
cause the final state does not have a well defined ang

momentum, the final stateD̄* 0f cannot be aCP eigenstate.

By examining the decay products ofD̄* 0f, one can measure
the various helicity components of the final state. Since e
helicity state corresponds to a well definedCP, an angular

analysis ofBs
0→D̄* 0f, allows one to extract the CKM phas

cleanly. Here we will follow similar approach to that of Lon
donet al. @28# for the extraction ofg. Due to the interference
between different helicity states, there are enough indep
dent observables for the decays ofBs

0 andB̄s
0 to the common

final stateD̄* 0f, from which the angleg can be extracted
cleanly. If both the final state mesons subsequently de
into two JP502 mesons, i.e., D̄* 0→K1p2 and f
→K1K2, the amplitude can be expressed in the linear
larization basis (Ai ,A' and A0) @34# as
5-4
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A5Amp~Bs
0→ f !5A0x01Aixi1 iA'x' ,

A 85Amp~B̄s
0→ f !5A08x01Ai8xi2 iA'8 x' ,

~15!

wherexl(l50,i ,') are the coefficients of the helicity am
plitudes in the linear polarization basis, depend only on
angles describing the kinematics@34#.

Using CPT invariance one can also write the amplitud
for the correspondingCP conjugate processes as

Ā5Amp~B̄s
0→ f̄ !5Ā0x01Āixi2 iĀ'x' ,

Ā85Amp~Bs
0→ f̄ !5Ā08x01Āi8xi1 iĀ'8 x' .

~16!

With the above Eqs.~15! and~16! the time dependent deca
rateBs

0(t)→ f can be written as

G„Bs
0~ t !→ f …5e2Gt (

l<s
~Xls1YlscosDmt

2ZlssinDmt!xlxs . ~17!

Thus, by performing a time dependent study and ang
analysis of the decayBs

0(t)→ f , one can measure the obser
ablesXls , Yls andZls . In terms of the helicity amplitudes
these observables can be expressed as follows:

Xll5
uAlu21uAl8 u2

2
, Yll5

uAlu22uAl8 u2

2
,

X' i52Im~A'Ai* 2A'8 Ai8* !,

Xi05Re~AiA0* 1Ai8A08* !,

Y' i52Im~A'Ai* 1A'8 Ai8* !,

Yi05Re~AiA0* 2Ai8A08* !

Z' i52Re~A'
* Ai81Ai* A'8 !, Z''52Im~A'

* A'8 !,

Zi05Im~Ai* A081A0* Ai8* !, Zii 5Im~Ai* Ai8!,
~18!

where i 5$0,i%. Similarly, the decay rate forBs
0→ f̄ can be

given as

G„Bs
0~ t !→ f …5e2Gt (

l<s
~X̄ls1ȲlscosDmt

2Z̄lssinDmt!xlxs . ~19!

The expressions for the observablesX̄l,s ,Ȳl,s and Z̄l,s are
similar to those given in Eq.~18! with the replacementsAl

→Āl8 andAl8→Āl .
For the purpose of the exctraction ofg let us first write

the helicity amplitudes for each processes. Since they
05601
e
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described by the color suppressed tree diagrams, on
single CKM weak phase will be involved in these amplitud
and are given as

Al5Amp~Bs
0→ f !l5aleidl

1
,

Al85Amp~B̄s
0→ f !l5ble2 igeidl

2
,

Āl85Amp~Bs
0→ f̄ !l5bleigeidl

2
,

Āl5Amp~B̄s
0→ f̄ !l5aleidl

1
, ~20!

where g5Arg(Vub* ) represents the weak phase anddl
1 ,dl

2

are the strong phases. With these above expressions fo
various amplitudes, we now show how to extract the we
phaseg using the decay rate measurements. It is now v
easy to see that the observables can be written in terms o
helicity amplitudes as

Xll5X̄ll5
ualu21ublu2

2
, Yll52Ȳll5

ualu22ublu2

2
.

~21!

Thus, one can determine the magnitudes of various heli
amplitudesualu2 andublu2 from Eq.~21!. Next we obtain the
expressions for the observables :X' i , Y' i , Xi0 andYi0,

X' i52X̄' i5b'bisin~d'1D i2d i !2a'aisinD i ,

Y' i5Ȳ' i52b'bisin~d'1D i2d i !2a'aisinD i ,
~22!

whereD i5d'
1 2d i

1 anddl5dl
22dl

1 . Using Eq.~22! one can
solve fora'aisinDi . Similarly, one can write

Xi05X̄i05bib0cos~d i1D2d0!1aia0cosD,

Yi052Ȳi052bib0cos~d i1D2d0!1aia0cosD,
~23!

whereD5d i
12d0

1 . Thus one can solve foraia0cosD using
Eq. ~23!.

The coefficients of sin(Dmt) term, which can be obtained
in a time dependent study, can be written as

Zii 5aibisin~d i2g!, Z̄ii 52aibisin~d i1g!,

Z''52a'b'sin~d'2g!, Z̄''5a'b'sin~d'1g!.

~24!

Thus we can find

2bicosd i52
Zii 1Z̄ii

aising
, 2bisind i5

Zii 2Z̄ii

aicosg
,

2b'cosd'5
Z''1Z̄''

a'sing
,

5-5
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2b'sind'52
Z''2Z̄''

a'cosg
. ~25!

Similarly, the terms involving interference of different helic
ties are given as

Z' i52@a'bicos~d i2D i2g!1aib'cos~d'1D i2g!#,

Z̄' i52@a'bicos~d i2D i1g!1aib'cos~d'1D i1g!#

~26!

and

Zi05@aib0sin~d02D2g!1a0bisin~d i1D2g!#,

Z̄i052@aib0sin~d02D1g!1a0bisin~d i1D1g!#.

~27!

Considering all the above information together, we are n
in a position to extract the weak phaseg. Making use of Eq.
~25! we can rewrite Eq.~26! in the following two useful
forms:

Z' i1Z̄' i5aia'cosD icotgFZii 1Z̄ii

ai
2

2
Z''1Z̄''

a'
2 G

2aia'sinD iFZii 2Z̄ii

ai
2

1
Z''2Z̄''

a'
2 G , ~28!

Z' i2Z̄' i52aia'cosD i tangFZii 2Z̄ii

ai
2

2
Z''2Z̄''

a'
2 G

2aia'sinD iFZii 1Z̄ii

ai
2

1
Z''1Z̄''

a'
2 G . ~29!

Now let us closely look into the terms involved in the abo
two Eqs.~28! and~29!. We already know most of the terms
~i! Zll , Z̄ll are measurable quantities.~ii ! al

2 are known
quantities and can be determined from Eq.~21!. ~iii !
aia'sinDi is obtained from Eq.~22!. Thus, these two equa
tions involve only two unknown quantities tang and
aia'cosDi and hence can be easily solved upto a sign am
guity in each of these quantities. Thus tan2g or equivalently
sin2g can be obtained from the angular analysis.

Similarly, if we put all the informations in Eq.~27! we
obtain the following relations:

Zi01Z̄i05a0aicosD cotgFZ001Z̄00

a0
2

1
Zi i1Z̄i i

ai
2 G

2aia0sinDFZ002Z̄00

a0
2

2
Zi i2Z̄i i

ai
2 G , ~30!
05601
w

i-

Zi02Z̄i05a0aicosDFZ002Z̄00

a0
2

1
Zi i2Z̄i i

ai
2 G

1aia0sinD cotgFZ001Z̄00

a0
2

2
Zi i1Z̄i i

ai
2 G .

~31!

In the above two Eqs.~30! and ~31! we know all the quan-
tities except two, i.e.,aia0cosD and cotg. Thus these two
unknowns can easily be determined from these two eq
tions. Thus one can solve for tan2g or equivalently sin2g
without any hadronic uncertainties.

To calculate the number of events necessary to determ
g using this method we have to know the branching rat

for the decay modesBs
0(B̄s

0)→D* 0̄f. The decay widths~in
units of 1012 s21) for these decay modes are calculated
Ref. @35# as

G~Bs
0→D̄* 0f!523a2

2uVcb* Vusu2,

G~B̄s
0→D̄* 0f!51.9a2

2uVubVcs* u2. ~32!

Thus the branching ratios are given as

BR~Bs
0→D̄* 0f!52.0931025,

BR~B̄s
0→D̄* 0f!53.6131026. ~33!

Thus if we assume the same selection method as we h
done for Bs

0→D̄0f case, here we get approximately 270

reconstructedBs
0→D̄* 0f events per year of running a

BTeV. Assuming the tagging efficiency to be 0.70, one e
pects approximately 1890 tagged events per year.

IV. CONCLUSION

In this paper we have discussed the determination of
CKM phaseg from time dependent measurement of the pu
tree nonleptonicBs

0 decay modesBs
0(t)„B̄s

0(t)…→D̄0f and

Bs
0(t)„B̄s

0(t)…)→D̄* 0f. For the former case we have use
the formalism similar to that of ADKL method@26# and for
the latter case we have followed the approach of Lond
et al. @28#. The advantage of these decay modes is that t
are described by pure tree diagrams and hence free f
theoretical hadronic uncertainties. Within the standard mo
these modes are expected to exhibit branching ratios at
102521026 level. So they are expected to be easily acc
sible in the second generation hadronicB factories.

The accurate determination of phaseg of the unitarity
triangle is really challenging. Therefore, one should study
many decay modes as possible to cross check other find
and also explore various strategies for the clean determ
tion of it.

For the case of (PV) final states i.e,Bs
0(B̄s

0)→D̄0f we

have obtained four observables (A1 ,A2 ,S and S̄), from the
corresponding time dependent decay rates. From these
5-6
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servablesg can be extracted using Eq.~7! or ~8!. Further-
more, one can also find the information about strong ph
@Eq. ~7!# from this analysis. Next, we have considered t
~VV ! final statesBs

0(B̄s
0)→D̄* 0f. We have used linear po

larization basis to write the decay rates in terms of the
servables (X,Y,Z). From these observables, one can exctr
g solving Eqs.~28!, ~29! or Eqs. ~30!, ~31!. It should be
emphasized here that using our analysis, the extractiong
can be done cleanly without any hadronic uncertainties
both the cases ofPV and VV final states ofBs meson, but
with some amout of discrete ambiguities. Furthermore, th
modes may possibly guide us to know physics beyond s
dard model and/or valuable informations regarding the
ture of CP violation.

To summarize, we point out here that it is indeed poss
to determine the weak phaseg cleanly from the time depen
.

,

05601
se

-
t

n

e
n-
-

le

dent measurement of the nonleptonic decay modesBs
0(B̄s

0)

→D̄0f and the corresponding vector vector modesBs
0(B̄s

0)

→D̄* 0f. The strategies presented in this paper appear to
particularly interesting for second generation experiment
hadron machines such as LHC and BTeV, where also
very powerful physics potential of theBs meson can be ex
ploited.

ACKNOWLEDGMENTS

We are grateful to Professor S. Stone for useful comme
and for providing us valuable information concerning t
experimental feasibility of such modes at BTeV experime
A.K.G. and M.P.K. would like to thank Council of Scientifi
and Industrial Research, Government of India, for financ
support.
cl.

on

-
l,

s.

lli,
@1# CP Violation, edited by C. Jarlskog~World Scientific, Sin-
gapore, 1989!.

@2# I.I. Bigi and A.I. Sanda,CP Violation, Cambridge Monographs
on Particle Physics, Nuclear Physics and Cosmology~Cam-
bridge University Press, Cambridge, England, 2000!.

@3# G.C. Branco, L. Lavoura, and J.P. Silva,CP Violation, Inter-
national Series of Monographs on Physics, Number 103~Ox-
ford University Press, New York, 1999!.

@4# N. Cabibbo, Phys. Rev. Lett.10, 531 ~1963!; M. Kobayashi
and T. Maskawa, Prog. Theor. Phys.49, 652 ~1973!.

@5# A.J. Buras and R. Fleischer, inHeavy Flavours II, edited A.J.
Buras and M. Lindner~World Scientific, Singapore, 1998!, p.
65.

@6# The BaBar Physics Book, edited by P.F. Harrison and H.R
Quinn ~SLAC Report 504, Stanford, 1998!.

@7# L.L. Chau and W.-Y. Keung, Phys. Rev. Lett.53, 1802~1984!;
C. Jarlskog and R. Stora, Phys. Lett. B208, 268 ~1988!.

@8# For a review, seeB Decays, edited by S. Stone~World Scien-
tific, Singapore, 1994!.

@9# I.I. Bigi and A.I. Sanda, Nucl. Phys.B193, 85 ~1981!.
@10# For reviews, see, for examples, Y. Nir and H.R. Quinn, inB

Decays, edited by S. Stone~World Scientific, Singapore
1994!.

@11# M. Gronau, Phys. Rev. Lett.63, 1451~1989!.
@12# D. London and R.D. Peccei, Phys. Lett. B223, 257 ~1989!.
@13# BABAR Collaboration, B. Aubertet al., Phys. Rev. Lett.86,

2515~2001!; BABAR Collaboration, B. Aubertet al., ibid. 87,
091801~2001!.

@14# Belle Collaboration, A. Abashianet al., Phys. Rev. Lett.86,
2509 ~2001!; Belle Collaboration, K. Abeet al., ibid. 87,
091802~2001!.

@15# M. Gronau and D. London, Phys. Rev. Lett.65, 3381~1990!.
@16# M. Gronau and D. London, Phys. Lett. B253, 481 ~1991!; M.

Gronau and D. Wyler,ibid. 265, 172 ~1991!.
@17# I. Dunietz, Phys. Lett. B270, 75 ~1991!.
@18# D. Atwood, I. Dunietz, and A. Soni, Phys. Rev. Lett.78, 3257
~1997!; Phys. Rev. D63, 036005~2001!.

@19# M. Gronau, Phys. Rev. D58, 037301~1998!.
@20# J.-H. Jang and P. Ko, Phys. Rev. D58, 111302~R! ~1998!.
@21# A.F. Falk and A.A. Petrov, Phys. Rev. Lett.85, 252 ~2000!.
@22# M. Masetti, Phys. Lett. B286, 160~1992!; R. Fleischer and D.

Wyler, Phys. Rev. D62, 057503~2000!; A.K. Giri, R. Mo-
hanta, and M.P. Khanna~to be published!, hep-ph/0104009.

@23# R. Aleksan, I. Dunietz, and B. Kayser, Z. Phys. C54, 653
~1992!.

@24# M. Gronau, J.L. Rosner, and D. London, Phys. Rev. Lett.73,
21 ~1994!; R. Fleischer, Phys. Lett. B365, 399 ~1996!; M.
Neubert and J.L. Rosner, Phys. Rev. Lett.81, 5076~1998!.

@25# Gronau and London@16#; Gronau and Wyler@16#; Dunietz
@17#.

@26# R. Aleksan, I. Dunietz, B. Kayser, and F. Le Diberder, Nu
Phys.B361, 141 ~1991!.

@27# M. Gronau and D. London, Phys. Lett. B253, 483 ~1991!.
@28# D. London, N. Sinha, and R. Sinha, Phys. Rev. Lett.85, 1807

~2000!.
@29# I.I. Bigi, V.A. Khoze, N.G. Uraltsev, and A.I. Sanda, inCP

Violation, edited by C. Jarlskog~World Scientific, Singapore,
1989!, p. 175.

@30# M. Wirbel, B. Stech, and M. Bauer, Z. Phys. C29, 637~1985!.
@31# D.S. Du and Z.Z. Xing, Phys. Rev. D48, 3400~1993!; D.S. Du

and M.Z. Yang, Phys. Lett. B358, 123 ~1995!.
@32# P. Kasper, CP Violation Working Group Report, Workshop

B Physics at Tevatron Run II and Beyond, 1999.
@33# Y. Coadou et al., ATLAS Note ATL-PHYS-99-022; Y.

Lemoigne and V. Roinishvili, CMS Note CMS-NOTE-2000
018; The LHCb Collaboration LHCB Technical Proposa
CERN/LHCC/98-4; P. Ballet al., hep-ph/0003238.

@34# A.S. Dighe, I. Dunietz, H.J. Lipkin, and J.L. Rosner, Phy
Lett. B 369, 144 ~1996!.

@35# A. Deandrea, N. Di Bartolomeo, R. Gatto, and G. Nardu
Phys. Lett. B318, 549 ~1993!.
5-7


