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We investigate the time evolutions of angular distributions forBs decays into final states that are admixtures
of CP-even andCP-odd configurations. A sizable lifetime difference between theBs mass eigenstates allows
a probe ofCP violation in time-dependent untagged angular distributions. Interference effects between differ-
ent final state configurations ofBs→Ds*

1Ds*
2 , J/cf determine the Wolfenstein parameterh from untagged

data samples, or, if one usesuVubu/uVcbu as additional input, the notoriously difficult to measure CKM angle
g. Another determination ofg is possible by using isospin symmetry of strong interactions to relateuntagged
data samples ofBs→K*1K*2 and Bs→K* 0K̄* 0. We note that theuntaggedangular distribution for
Bs→r0f provides interesting information about electroweak penguin diagrams.@S0556-2821~97!00401-3#

PACS number~s!: 14.40.Nd, 11.30.Er, 12.15.Hh, 13.25.Hw

I. INTRODUCTION

Within the standard model@1# one expects@2# a large
mass differenceDm[mH2mL.0 between the physical
mixing eigenstatesBs

H ~‘‘heavy’’ ! andBs
L ~‘‘light’’ ! of the

neutralBs meson system leading to very rapidDmt oscilla-
tions in data samples of taggedBs decays. In order to mea-
sure these oscillations, an excellent vertex resolution system
is required which is a formidable experimental task. How-
ever, in a recent paper@3# it has been shown that it may not
be necessary to trace these rapidDmt oscillations in order to
obtain insight into the fundamental mechanism ofCP viola-
tion. The point is that the time evolution ofuntaggednon-
leptonicBs decays, where one does not distinguish between
initially presentBs andBs mesons, depends only on combi-
nations of the two exponents exp(2GLt) and exp(2GHt) and
not on the rapid oscillatoryDmt terms. Since the width dif-
ferenceDG[GH2GL of theBs system is predicted to be of
the order 20% of the averageBs width @4#, interesting
CP-violating effects may show up in untagged rates@3#.

In the present paper we restrict ourselves to quasi-two-
body modesBs→X1X2 into final states that are admixtures
of CP-even andCP-odd configurations. The different case
where the final states are not admixtures ofCP eigenstates
but can be classified instead by their parity eigenvalues is
discussed in@5#, where we present an analysis of angular
correlations forBs decays governed byb̄→ c̄us̄ quark-level
transitions. If bothX1 and X2 carry spin and continue to
decay throughCP-conserving interactions, valuable infor-
mation can be obtained from the angular distributions of
their decay products. Examples for such transitions
are Bs→Ds*

1(→Ds
1g)Ds*

2(→Ds
2g) and Bs→J/

c(→ l1l2)f(→K1K2) which allow a determination of the
Wolfenstein parameterh @6# from the time dependences of
their untaggedangular distributions as we will demonstrate
in a later part of this paper. Of course, the formalism devel-
oped here applies also to final states where theDs*

6 mesons
are substituted by higher resonances, such as
Bs→Ds1(2536)

1Ds1(2536)
2. For many detector configura-

tions, such higher resonances may be preferable over
Ds*

6 , because of their significant branching fractions into all
charged final states and because of additional mass con-
straints of their daughter resonances.

If we use the CKM factor

Rb[
1

l

uVubu
uVcbu

~1!

with l5sinuC50.22 as an additional input, which is con-
strained by present experimental data to lie within the range
Rb50.3660.08 @7–9#, h fixes the angleg in the usual
‘‘nonsquashed’’ unitarity triangle@10# of the Cabibbo-
Kobayashi-Maskawa~CKM! matrix @11# through

sing5
h

Rb
. ~2!

Using the isospin symmetry of strong inter-
actions to relate the b̄→ s̄ QCD penguin
contributions to Bs→K*1(→pK)K*2(→pK̄) and
Bs→K* 0(→pK)K̄* 0(→pK̄), another determination ofg is
possible by measuring the correspondinguntaggedangular
distributions. This approach is another highlight of our pa-
per. The formulas describingBs→K*1K*2 apply also to
Bs→r0f if we make an appropriate replacement of variables
providing a fertile ground for obtaining information about
the physics of electroweak penguin diagrams.

This paper is organized as follows. In Sec. II we calculate
the time dependences of the observables of the angular dis-
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tributions forBs decays into final state configurations that are
admixtures of differentCP eigenstates. The general formu-
las derived in Sec. II simplify considerably if the unmixed
Bs→X1X2 amplitude is dominated by a single CKM ampli-
tude. This important special case is the subject of Sec. III and
applies to an excellent accuracy to the decays
Bs→Ds*

1Ds*
2 andBs→J/cf which are analyzed in Sec.

IV. There we demonstrate thatuntaggeddata samples of
these modes allow a determination of the Wolfenstein pa-
rameterh, which fixes the CKM angleg if Rb is known. In
Sec. V we present another method to determineg from un-
tagged Bs→K*1K*2 andBs→K* 0K̄* 0 decays. The formu-
las derived there are also useful to obtain information about
electroweak penguin diagrams fromuntagged Bs→r0f
events. Finally, in Sec. VI the main results of our paper are
summarized.

II. CALCULATION OF THE TIME EVOLUTIONS

A characteristic feature of the angular distributions for the
decaysBs→X1X2 specified above is that they depend in gen-
eral on real or imaginary parts of the following bilinear com-
binations of decay amplitudes:

A
f̃
* ~ t !Af~ t !. ~3!

Here we have introduced the notation

Af~ t ![A@Bs~ t !→~X1X2! f #5^~X1X2! f uHeffuBs~ t !&,
~4!

A f̃ ~ t ![A@Bs~ t !→~X1X2! f̃ #5^~X1X2! f̃ uHeffuBs~ t !&,

for the transition amplitudes of initially, i.e., att50, present
Bs mesons decaying into the final state configurationsf and
f̃ of X1X2 that are bothCP eigenstates satisfying

~CP!u~X1X2! f&5hCP
f u~X1X2! f&,

~5!
~CP!u~X1X2! f̃ &5hCP

f̃ u~X1X2! f̃ &,

with hCP
f ,hCP

f̃ P$21,11%. Here f and f̃ are labels that de-
fine the relative polarizations of the two hadronsX1 and
X2. The tilde is useful for discussing the case where different
configurations ofX1X2 with the same CPeigenvalue are
present. To make this point more transparent, consider the
modeBs→J/cf which has been analyzed in terms of the
linear polarization amplitudes@12# A0(t), Ai(t), andA'(t)
in @13#. WhereasA'(t) describes aCP-odd final state con-
figuration, bothA0(t) and Ai(t) correspond toCP eigen-
value11, i.e., toAf(t) andA f̃ (t) in our notation~4! with

hCP
f̃ 5hCP

f 511.
The amplitudes describing decays of initially presentBs

mesons are given by

Āf~ t ![A@Bs~ t !→~X1X2! f #5^~X1X2! f uHeffuBs~ t !&,
~6!

Ā f̃ ~ t ![A@Bs~ t !→~X1X2! f̃ #5^~X1X2! f̃ uHeffuBs~ t !&.

Both in these expressions and in Eq.~4! the operator

Heff5Heff~DB521!1Heff~DB511! ~7!

denotes an appropriate low energy effective Hamiltonian
with

Heff~DB511!5Heff~DB521!† ~8!

and

Heff~DB521!

5
GF

A2 (
j5u,c

v j
~r !Qj

[
GF

A2 (
j5u,c

v j
~r !H (

k51

2

Qk
j Ck~m!1 (

k53

10

QkCk~m!J , ~9!

where v j
(r )[Vjr* Vjb is a CKM factor that is different for

b→d and b→s transitions corresponding tor5d and
r5s, respectively. The four-quark operatorsQk can be di-
vided into current-current operators (kP$1,2%), QCD pen-
guin operators (kP$3, . . . ,6%) and electroweak penguin op-
erators (kP$7, . . . ,10%), with index r implicit. Note that
these operators creates and d quarks for r5s and r5d,
respectively. The Wilson coefficientsCk(m) of these opera-
tors, wherem5O(mb) is a renormalization scale, can be
calculated in renormalization group improved perturbation
theory. The reader is referred to a nice recent review@14# for
the details of such calculations. There numerical results for
the relevant Wilson coefficients are summarized and the
four-quark operatorsQk are given explicitly.

Applying the well-known formalism describingBs-Bs
mixing @3,15#, a straightforward calculation yields the fol-
lowing expression for the time dependence of the bilinear
combination of decay amplitudes given in Eq.~3!:

A
f̃
* ~ t !Af~ t !5^~X1X2! f̃ uHeffuBs&* ^~X1X2! f uHeffuBs&

3@ ug1~ t !u21hCP
f̃ j

f̃
* g1~ t !g2* ~ t !

1hCP
f j fg1* ~ t !g2~ t !1hCP

f̃ hCP
f j

f̃
* j f ug2~ t !u2#,

~10!

where

ug6~ t !u25
1

4
@e2GLt1e2GHt62e2Gtcos~Dmt!#, ~11!

g1~ t !g2* ~ t !5
1

4
@e2GLt2e2GHt22ie2Gtsin~Dmt!#,

~12!

with G[(GL1GH)/2. The observablesj f and j f̃ , which
contain essentially all the information needed to evaluate the
time dependence of Eq.~10!, are related to hadronic matrix
elements of the combinationsQj of four-quark operators and
Wilson coefficients appearing in the low energy effective
Hamiltonian~9! through
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j f5e2 ifM
~s!

(
j5u,c

v j
~r !^~X1X2! f uQj uBs&

(
j5u,c

v j
~r !* ^~X1X2! f uQj uBs&

, ~13!

where fM
(s)[2 arg(Vts*Vtb) is the Bs-Bs mixing phase. In

order to evaluatej f̃ , we have simply to replacef in Eq. ~13!
by f̃ . Note that we have neglected the extremely small
CP-violating effects in theBs-Bs oscillations in order to
derive Eqs.~10!–~13! @3#. We shall come back to Eq.~13! in
a moment. Let us consider theCP-conjugate processes first.
The expression corresponding to Eq.~10! for initially present
Bs mesons is very similar to that equation and can be written
as

Ā
f̃
* ~ t !Āf~ t !5^~X1X2! f̃ uHeffuBs&* ^~X1X2! f uHeffuBs&

3@ ug2~ t !u21hCP
f̃ j

f̃
* g1* ~ t !g2~ t !

1hCP
f j fg1~ t !g2* ~ t !1hCP

f̃ hCP
f j

f̃
* j f ug1~ t !u2#.

~14!

In the general case thetagged angular distribution for a
given decayBs(t)→X1X2 can be written as@16#

f ~u,w,c;t !5(
k
b~k!~ t !g~k!~u,w,c!, ~15!

where we have denoted the angles describing the kinematics
of the decay products ofX1 andX2 generically byu, w, and
c. Note that we have to deal in general with an arbitrary
number of such angles. For quasi-two-body modes
Bs(t)→X1X2 into final states that are admixtures of
CP-even and CP-odd configurations, the observables
b(k)(t) describing the time evolution of the angular distribu-
tion ~15! can be expressed in terms of real or imaginary parts
of bilinear combinations of decay amplitudes having the
same structure as Eq.~10!. The angular distribution for the
tagged CP-conjugate decayBs(t)→X1X2 on the other hand
is given by

f̄ ~u,w,c;t !5(
k
b̄~k!~ t !g~k!~u,w,c!, ~16!

where the observablesb̄(k)(t) are related correspondingly to
real or imaginary parts of bilinear combinations like Eq.
~14!. Since the statesX1X2 resulting from theBs and Bs
decays are equal, we use the same generic anglesu,w, and
c to describe the angular distributions of their decay prod-
ucts. Within our formalism the effects ofCP transformations
relatingBs(t)→(X1X2) f , f̃ andBs(t)→(X1X2) f , f̃ are taken

into account already by theCP eigenvalueshCP
f̃ and hCP

f

appearing in Eqs.~10! and ~14! and do not affect
g(k)(u,w,c). Therefore the same functionsg(k)(u,w,c) are
present in Eqs.~15! and ~16!.

The main focus of this paper areuntaggedrates, where
one does not distinguish between initially presentBs and

Bs mesons. Such studies are obviously much more efficient
from an experimental point of view than tagged analyses. In
the distant future it will become feasible to collect also
tagged Bs data samples and to resolve the rapid oscillatory
Dmt–terms. Then Eqs.~10! and ~14! describing the corre-
sponding observables should turn out to be very useful.

Combining Eqs.~15! and ~16! we find that theuntagged
angular distribution takes the form

@ f ~u,w,c;t !#[ f̄ ~u,w,c;t !1 f ~u,w,c;t !

5(
k

@ b̄~k!~ t !1b~k!~ t !#g~k!~u,w,c!. ~17!

As we will see in a moment, interestingCP-violating effects
show up in this untagged rate, if the width differenceDG is
sizable. The time evolution of the relevant observables
@ b̄(k)(t)1b(k)(t)# behaves as the real or imaginary parts of

@A f̃
* ~ t !Af~ t !#[Ā

f̃
* ~ t !Āf~ t !1A

f̃
* ~ t !Af~ t !

5
1

2
^~X1X2! f̃ uHeffuBs&* ^~X1X2! f uHeffuBs&

3@~11hCP
f̃ hCP

f j
f̃
* j f !~e

2GLt1e2GHt!

1~hCP
f̃ j

f̃
*1hCP

f j f !~e
2GLt2e2GHt!#. ~18!

In order to calculate this equation, we have combined Eq.
~10! with Eq. ~14! and have moreover taken into account
explicitly the time-dependences of Eqs.~11! and ~12!. We
can distinguish between the following special cases.

f̃5 f :

@ uAf~ t !u2#5
1

2
u^~X1X2! f uHeffuBs&u2

3@~11uj f u2!~e2GLt1e2GHt!

12 hCP
f Re~j f !~e

2GLt2e2GHt!#. ~19!

f̃Þ f andhCP
f̃ 5hCP

f :

@A f̃
* ~ t !Af~ t !#5

1

2
^~X1X2! f̃ uHeffuBs&* ^~X1X2! f uHeffuBs&

3@~11j
f̃
* j f !~e

2GLt1e2GHt!

1hCP
f ~j

f̃
*1j f !~e

2GLt2e2GHt!#. ~20!

f̃Þ f andhCP
f̃ 52hCP

f :

@A f̃
* ~ t !Af~ t !#5

1

2
^~X1X2! f̃ uHeffuBs&* ^~X1X2! f uHeffuBs&

3@~12j
f̃
* j f !~e

2GLt1e2GHt!

2hCP
f ~j

f̃
*2j f !~e

2GLt2e2GHt!#. ~21!

As advertised, the rapidly oscillatingDmt terms cancel in
the untagged combinations described by Eq.~18!. While the
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time dependence of Eq.~19! was given in@3#, the explicit
time dependences of Eqs.~20! and~21! have not been given
previously. They play an important role for the untagged
angular distribution~17!.

III. DOMINANCE OF A SINGLE CKM AMPLITUDE

If we look at expression~13!, we observe thatj f andj f̃
suffer in general from large hadronic uncertainties. However,
if the unmixedBs→X1X2 amplitude is dominated by a single
CKM amplitude proportional to a CKM factorv j

(r ) the un-
known hadronic matrix elements cancel in Eq.~13! and both
j f̃ andj f take the simple form

j f̃ 5j f5e2if j
~r !
, ~22!

wheref j
(r )[@ arg(Vjr* Vjb)2 arg(Vts*Vtb)# is aCP-violating

weak phase consisting of the corresponding decay and
Bs-Bs mixing phase. Consequently, in that very important
special case, Eq.~18! simplifies to

@A f̃
* ~ t !Af~ t !#5

1

2
u^~X1X2! f̃ uHeffuBs&^~X1X2! f uHeffuBs&u

3ei ~d f2d f̃ !@~11hCP
f̃ hCP

f !~e2GLt1e2GHt!

1~hCP
f̃ e22if j

~r !
1hCP

f e2if j
~r !

!~e2GLt

2e2GHt!#, ~23!

whered f andd f̃ areCP-conservingstrong phases. They are
induced through strong final state interaction processes and
are defined by

^~X1X2! f uHeffuBs&5e1 id f e2 if j
~r !
, ~24!

^~X1X2! f̃ uHeffuBs&*5e2 id f̃ e1 if j
~r !
. ~25!

Note that the structure of Eqs.~24! and~25!, which is essen-
tially due to the fact that the unmixedBs→X1X2 amplitude
is dominated by a single weak amplitude, implies that the

weak phase factorse2 if j
(r )
ande1 if j

(r )
cancelled each other

in Eq. ~23! and that only the strong phases play a role as an
overall phase in this equation. We would like to emphasize
that such a simple behavior is not present in the general case
where more than one weak amplitude is present.

The time evolution of Eq.~23! depends only on cos2fj
(r)

and sin2fj
(r) , since we have only to deal with the following

two cases:

hCP
f̃ 5hCP

f :

@A f̃
* ~ t !Af~ t !#5u^~X1X2! f̃ uHeffuBs&^~X1X2! f uHeffuBs&u

3ei ~d f2d f̃ !@~e2GLt1e2GHt!

1hCP
f ~e2GLt2e2GHt!cos2f j

~r !#. ~26!

hCP
f̃ 52hCP

f :

@A f̃
* ~ t !Af~ t !#5u^~X1X2! f̃ uHeffuBs&^~X1X2! f uHeffuBs&u

3ei ~d f2d f̃ ! ihCP
f ~e2GLt2e2GHt!sin2f j

~r ! .

~27!

Whereas the structure of Eq.~26!, in particular the cos2fj
(r)

term, has already been discussed forf̃5 f in @3#, to the best
of our knowledge it has not been pointed out so far that
untagged data samples of angular distributions for certain
nonleptonic Bs decays allow also a determination of
sin2fj

(r) with the help of Eq.~27!. These sin2fj
(r) terms play

an important role if the weak phasef j
(r ) is small. The point

is that sin2fj
(r) is proportional tof j

(r ) in that case, while
cos2fj

(r)511O(fj
(r)2). Consequently we obtain up to terms of

O(f j
(r )2):

hCP
f̃ 5hCP

f 511:

@A f̃
* ~ t !Af~ t !#52u^~X1X2! f̃ uHeffuBs&^~X1X2! f uHeffuBs&u

3ei ~d f2d f̃ !e2GLt. ~28!

hCP
f̃ 5hCP

f 521:

@A f̃
* ~ t !Af~ t !#52u^~X1X2! f̃ uHeffuBs&^~X1X2! f uHeffuBs&u

3ei ~d f2d f̃ !e2GHt. ~29!

hCP
f̃ 52hCP

f :

@A f̃
* ~ t !Af~ t !#

52 ihCP
f u^~X1X2! f̃ uHeffuBs&^~X1X2! f uHeffuBs&u

3ei ~d f2d f̃ !~e2GLt2e2GHt!f j
~r ! . ~30!

We observe that only the mixed combination~30! is sensi-
tive, i.e., proportional, to the small phasef j

(r ) and allows an
extraction of this quantity. These considerations have an in-
teresting phenomenological application as we will see in the
following section.

IV. THE ‘‘GOLD-PLATED’’ TRANSITIONS Bs˜Ds*
1Ds*

2

AND Bs˜J/cf TO EXTRACT THE WOLFENSTEIN
PARAMETER h

Concerning the dominance of a single CKM amplitude, in
analogy to Bd→J/cKS measuring sin2b to excellent
accuracy @17# ~b is another angle of the unitarity
triangle @10#!, the ‘‘gold-plated’’ modes areBs decays
caused by b̄→ c̄cs̄ quark-level transitions. The corre-
sponding exclusive modes relevant for our discussion
are Bs→Ds*

1(→Ds
1g)Ds*

2(→Ds
2g) and Bs→J/

c(→ l1l2)f(→K1K2). They are dominated to an excellent
accuracy by the CKM amplitudes proportional to
vc
(s)5Vcs* Vcb . Therefore the corresponding weak phase

f j
(r ) defined after Eq.~22! is related to elements of the CKM

matrix @11# through
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fc
~s!5@arg~Vcs* Vcb!2 arg~Vts*Vtb!#. ~31!

At leading order in the Wolfenstein expansion@6# this phase
vanishes. In order to obtain a nonvanishing result, we have to
take into account higher order terms in the Wolfenstein pa-
rameterl5sinuC50.22 ~for a treatment of such terms see,
e.g.,@6,8#! yielding @18,19#

fc
~s!5l2h;0.015. ~32!

Consequently the small weak phasefc
(s) measures simply the

CKM parameterh @6,18,19#.
Another interesting interpretation of Eq.~31! is the fact

that it is related to one angle in a rather squashed~and there-
fore ‘‘unpopular’’! unitarity triangle@20#. Other useful ex-
pressions for Eq.~31! can be found in@21#. If we use the
CKM factor Rb defined by Eq.~1! as an additional input,
h fixes the notoriously difficult to measure angleg of the
unitarity triangle @21#. That input allows, however, also a
determination ofg ~or of the Wolfenstein parameterh) from
the mixing-inducedCP-violating asymmetry arising in
Bd→J/cKS measuring sin2b. Comparing these two results
for g ~or h), an interesting test whether the phases in
Bd-Bd andBs-Bs mixing are indeed described by the stan-
dard model can be performed.

The extraction of the weak phase Eq.~32! from
Bs→J/cf, Ds*

1Ds*
2 , etc., is not as clean as that ofb from

Bd→J/cKS . The reason is that although the contributions to
the unmixed amplitudes proportional toVub* Vus are similarly
suppressed in both cases, their importance is enhanced by the
smallness offc

(s) versusb @22#.
Given that fc

(s) is small, we see that Eqs.~28!–~30!
apply to an excellent approximation to the exclusive
channels Bs→Ds*

1(→Ds
1g)Ds*

2(→Ds
2g) and Bs→J/

c(→ l1l2)f(→K1K2), i.e., toX1X2P$Ds*
1Ds*

2 ,J/cf%.
Whereas the angular distribution of the latter process has
been derived in@13#, a followup note@23# not only examines
the angular distributions for both processes but also dis-
cusses an efficient method for determining the relevant
observables—themoment analysis@24#—and predicts these
observables, thereby allowing comparisons with future ex-
perimental data.

The combination~30! enters theuntaggedangular distri-
bution in the form

Im$@A f̃
* ~ t !Af~ t !#%

522u^~X1X2! f̃ uHeffuBs&^~X1X2! f uHeffuBs&u

3cos~d f2d f̃ !~e
2GLt2e2GHt!fc

~s! , ~33!

where f̃P$i , 0% and f5' denote linear polarization states
@12,13#. In order to determine the weak phasefc

(s) from Eq.
~33!, we have to know both u^(X1X2) f̃ uHeffuBs&u,
u^(X1X2) f uHeffuBs&u and the strong phase differences
d f2d f̃ . Whereas the former quantities can be determined
straightforwardly from

@ uAf~ t !u2#52u^~X1X2! f uHeffuBs&u2e2GLt ~ fP$i ,0%!,
~34!

@ uA'~ t !u2#52u^~X1X2!'uHeffuBs&u2e2GHt, ~35!

the latter ones can be obtained by combining the ratio of Eq.
~33! for f̃5i and f̃50 given by

Im$@Ai* ~ t !A'~ t !#%

Im$@A0* ~ t !A'~ t !#%
5

u^~X1X2! iuHeffuBs&u
u^~X1X2!0uHeffuBs&u

cos~d'2d i!

cos~d'2d0!
~36!

with the term of the untagged angular distribution corre-
sponding to@13,23#

Re$@A0* ~ t !Ai~ t !#%52u^~X1X2!0uHeffuBs&^~X1X2! iuHeffuBs&u

3cos~d i2d0!e
2GLt. ~37!

Consequently the angular distributions for theun-
tagged Bs→Ds*

1(→Ds
1g)Ds*

2(→Ds
2g) and Bs→J/

c(→ l1l2)f(→K1K2) modes allow a determination of the
weak phasefc

(s) .
The rather complicated extraction of the strong phase dif-

ferencesd f2d f̃ outlined above, which is needed to accom-
plish this task, can, however, be simplified considerably by
making an additional assumption. In the case of the color-
allowed channelBs→Ds*

1Ds*
2 the factorization hypothesis

@25,26#, which can be justified to some extent within the
1/NC expansion@27#, predicts rather reliably that the strong
phase shifts are 0modp. This prediction for the strong
phases can be tested experimentally by investigating the an-
gular correlations for the SU~3!-related modes Bu,d

→Ds*
1D̄u,d* . SinceBs→J/cf is, on the other hand, a color-

suppressed transition, the validity of the factorization ap-
proach is very doubtful in this case@28#. However, flavor
SU~3! symmetry of strong interactions is probably a good
working assumption and can be used to determine the had-
ronization dynamics ofBs→J/cf, in particular the strong
phase differencesd f2d f̃ , from an analysis of the SU~3!-
relatedB→J/cK* modes@23,24#. These strategies should
be very helpful to constrainfc

(s) with more limited statistics.
Whereas one expectsGH,GL and a small value offc

(s)

within the standard model, that need not to be the case in
many scenarios for ‘‘new physics’’ beyond the standard
model~see, e.g.,@29#!. The untagged data samples described
by Eqs. ~26! and ~27! allow then only the extraction of
cos2fc

(s) and sin2fc
(s) up to some discrete ambiguities. In par-

ticular they do not allow the determination of the sign of
DG which could give us hints to physics beyond the standard
model. This feature is simply due to the fact that we cannot
decide which decay width isGL andGH , respectively, since
we do not know the sign ofDG. Using, however, in addition
the time dependences oftaggeddata samples, sin2fc

(s) can be
extracted and the discrete ambiguities are resolved. With the
help of the observables corresponding to Eq.~27! even the
sign of DG can then be extracted, which was missed in a
recent work@29#. In general, the ambiguities encountered in
studies of untagged data samples are resolved by incorporat-
ing the additional information available fromDmt oscilla-
tions.
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V. A DETERMINATION OF g USING UNTAGGED DATA
SAMPLES OF Bs˜K*1K*2 AND Bs˜K* 0K̄* 0

After our discussion of some exclusiveb̄→ c̄cs̄ transi-
tions and a brief excursion to ‘‘new physics’’ in the previous
section let us now consider theb̄→ūus̄ decay
Bs→K*1(→pK)K*2(→pK̄) and investigate what can be
learned fromuntaggedmeasurements of its angular distribu-
tion. Because of the special CKM structure of theb̄→ s̄ pen-
guins@30#, their contributions toBs→K*1K*2 can be writ-
ten in the form

Pf852uPf8ue
id
P8
f

eip, ~38!

where f denotes final state configurations ofK*1K*2 with
CP eigenvaluehCP

f @see Eq.~5!#, dP8
f are CP-conserving

strong phases, theCP-violating weak phase has the numeri-
cal value ofp and the minus sign is due to our definition of
meson states which is similar to the conventions applied in
@31#.

The penguin contributions include not only penguins with
internal top-quark exchanges, but also those with internal up
and charm quarks@30#. Rescattering processes are included
by definition in the penguin amplitudePf8 . For example, the
processBs→$Ds*

1Ds*
2%→K*1K*2 ~see, e.g.,@32#! is re-

lated to penguin topologies with charm quarks running in the
loops as can be seen easily by drawing the corresponding
Feynman diagrams. Although such rescattering processes
may affectuPf8u anddP8

f they do not modify the weak phase
in Eq. ~38!.

On the other hand, the contributions of the current-current
operators appearing in the low energy effective Hamiltonian
~7!, which are color allowed in the case ofBs→K*1K*2,
have the structure

Tf852uTf8ue
id
T8
f

eig, ~39!

where dT8
f is again aCP-conserving strong phase. Conse-

quently, combining these considerations, we obtain the fol-
lowing transition matrix element forBs→(X1X2) f with
X1X25K*1K*2:

^~X1X2! f uHeffuBs&5uPf8ue
id
P8
f

@12r f e
ig#, ~40!

where

r f[
uTf8u
uPf8u

ei ~d
T8
f

2d
P8
f

!. ~41!

Hence the quantityj f defined through Eq.~13! is given by

j f5
12r f e

2 ig

12r f e
1 ig . ~42!

Following the plausible hierarchy of decay amplitudes intro-
duced in@31#, we expect that penguins play, in analogy to
Bs→K1K2 @33,34#, the dominant role inBs→K*1K*2.

To evaluate the time evolution of the observables of the
untagged angular distribution corresponding to real or imagi-
nary parts of Eq.~18!, we need 16j

f̃
* j f andj

f̃
*6j f which

are given by

11j
f̃
* j f5

2

Nf , f̃

@12~r f̃
*1r f !cosg1r

f̃
* r f #, ~43!

12j
f̃
* j f5 i

2

Nf , f̃

~r f̃
*2r f !sing ~44!

and

j
f̃
*1j f5

2

Nf , f̃

@12~r f̃
*1r f !cosg1r

f̃
* r f cos2g#, ~45!

j
f̃
*2j f52 i

2

Nf , f̃

@r f̃
*1r f22r

f̃
* r f cosg#sing, ~46!

respectively, where

Nf , f̃ [12r
f̃
* e2 ig2r f e

ig1r
f̃
* r f . ~47!

These combinations ofj
f̃
* andj f are multiplied in Eq.~18!

by

^~X1X2! f̃ uHeffuBs&* ^~X1X2! f uHeffuBs&

5uP
f̃
8 uuPf8ue

i ~d
P8
f

2d
P8
f̃

!Nf , f̃ . ~48!

Here we have used expression~40! to calculate this product
of hadronic matrix elements, which—in contrast to the case
where a single CKM amplitude dominates@see the cautious
remark after Eq.~25!#—depends also on the weak phaseg
throughNf , f̃ . However, these factors cancel in Eq.~18! so
that we finally arrive at the following set of equations de-
scribingBs→(K*1K*2) f :

hCP
f̃ 5hCP

f 511:

@A f̃
* ~ t !Af~ t !#52 uP

f̃
8 uuPf8ue

i ~d
P8
f

2d
P8
f̃

!

3@$12~r f̃
*1r f !cosg1r

f̃
* r f cos

2g%

3e2GLt1r
f̃
* r f sin

2g e2GHt#. ~49!

hCP
f̃ 5hCP

f 521:

@A f̃
* ~ t !Af~ t !#52 uP

f̃
8 uuPf8ue

i ~d
P8
f

2d
P8
f̃

!

3@$12~r f̃
*1r f !cosg1r

f̃
* r f cos

2g%

3e2GHt1r
f̃
* r f sin

2g e2GLt#. ~50!
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hCP
f̃ 52hCP

f 511:

@A f̃
* ~ t !Af~ t !#5 i 2uP

f̃
8 uuPf8ue

i ~d
P8
f

2d
P8
f̃

!

3@r f̃
* e2GHt2r fe

2GLt1r
f̃
* r f

3~e2GLt2e2GHt!cosg#sing. ~51!

The structure of these equations, which are valid exactly, is
much more complicated than that of Eqs.~28!–~30! where a
single CKM amplitude dominates to an excellent accuracy.
Note that a measurement of either thee2GHt or e2GLt terms
in Eqs. ~49! and ~50!, respectively, or of nonvanishing ob-
servables corresponding to Eq.~51! would give unambigu-
ous evidence for a nonvanishing value of sing.

A determination ofg is possible if one measures in addi-
tion the time-dependentuntaggedangular distribution for
Bs→K* 0K̄* 0 which is a pure penguin-inducedb̄→ s̄dd̄ tran-
sition. Its time evolution can be obtained from Eqs.~49!–
~51! by settingr f̃ 5r f50 and depends only on the hadroni-
zation dynamics of the penguin operators.

There are two classes of penguin topologies as we have
already noted briefly after Eq.~9!: QCD and electroweak
penguins originating from strong and electroweak interac-
tions, respectively. In contrast to naive expectations, the con-
tributions of electroweak penguin operators may play an im-
portant role in certain nonleptonicB-meson decays because
of the presence of theheavytop-quark@35,36# ~see also@37–
40#!. However, in the case of theBs→K* K̄* transitions con-
sidered in this section, these contributions are color sup-
pressed and play only a minor role compared to those of the
dominant QCD penguin operators.

If we neglect these electroweak penguin contributions,
which has not been done in the formulas given above and
should be a good approximation in our case, and use further-
more the SU~2! isospin symmetry of strong interactions, the
Bs→K* 0K̄* 0 observables can be related to the
Bs→K*1K*2 case. In terms of linear polarization states
@12#, these observables fixuP08u, uPi8u, uP'8 u, and
cos(dP8

0
2dP8

i ). Since the overall normalizations of the un-
taggedBs→K*1K*2 observables can be determined this
way, the e2GLt and e2GHt pieces of the observables
@ uA0(t)u2#, @ uAi(t)u2# and Re$@A0* (t)Ai(t)#% @see Eq.~49!#
allow another extraction of the CKM angleg. The remaining
observables can be used to resolve possible discrete ambigu-
ities. Needless to say, also the quantitiesr f and the QCD
penguin amplitudesPf are of particular interest since they
provide insights into the hadronization dynamics of the QCD
penguins. A detailed analysis of the decaysBs→K*1K*2

andBs→K* 0K̄* 0 is presented in@41#, where also the angu-
lar distributions are given explicitly.

Another interesting application of Eq.~49! is associated
with the decaysBs→K1K2 andBs→K0K̄0. Using again the
SU~2! isospin symmetry of strong interactions to relate their
QCD penguin contributions~electroweak penguin contribu-
tions are once more color suppressed and are hence very
small!, the time-dependentuntaggedrates for these modes
evolve as

@ uA~ t !u2#52 uP8u2@~122 ur ucosr cosg1ur u2cos2g!

3e2GLt1ur u2 sin2g e2GHt# ~52!

and

@ uA~ t !u2#52 uP8u2e2GLt, ~53!

respectively, where we have used

r[ur ueir. ~54!

Here r is a CP-conserving strong phase and
ur u5uT8u/uP8u. In general, there are a lot fewer observables
in ‘‘pseudoscalar-pseudoscalar’’ cases than in ‘‘vector-
vector’’ cases. In particular there is no observable corre-
sponding to Re$@A0* (t)Ai(t)#%. We therefore need some ad-
ditional input in order to extractg from Eq. ~52!. That is
provided by the SU~3! flavor symmetry of strong interac-
tions. If we neglect the color-suppressed current-current con-
tributions to B1→p1p0, which are expected to be sup-
pressed relative to the color-allowed contributions by a
factor of;0.2, this symmetry yields@31#

uT8u'l
f K
f p

A2 uA~B1→p1p0!u, ~55!

wherel is the Wolfenstein parameter@6#, f K and f p are the
K- and p-meson decay constants, respectively, and
A(B1→p1p0) denotes the appropriately normalized
B1→p1p0 decay amplitude. SinceuP8u is known from
Bs→K0K̄0, the quantityur u can be estimated with the help of
Eq. ~55! and allows the extraction ofg from the part of Eq.
~52! evolving with the exponente2GHt. Using in addition the
piece evolving withe2GLt the strong phaser can also be
determined up to certain discrete ambiguities. Since one ex-
pectsur u;0.2 @31,33,34#, it may be difficult to measure the
e2GHt contribution to Eq. ~52! which is proportional to
ur u2. The value ofg and the observabler estimated that way
could be used as an input to determine electroweak penguin
amplitudes by measuring in addition the branching ratios
B(B1→p0K1), B(B2→p0K2), and B(B1→p1K0)
5B(B2→p2K̄0) as has been proposed in@33#.

Let us finally note that Eqs.~49!–~51! apply also to the
modeBs→r0f, if we perform the replacements

uPf8u→uPf8
EWu,

dP8
f →dEWP8

f , ~56!

r f →
uCf8u

uPf8
EWu

exp@ i ~dC8
f

2dEWP8
f

!#,

where Cf8 denotes color-suppressed contributions of the
current-current operators anduPf8

EWu,dEWP8
f are related to

color-allowed contributions of electroweak penguin opera-
tors. Similar to the situation arising inBs→p0f, which has
been discussed in@36# ~see also@38–40#!, we expect that this
decay is dominated by electroweak penguins. Consequently
its untaggedangular distribution may inform us about the
physics of the corresponding operators. In respect of control-
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ling electroweak penguins in a quantitative way by using
SU~3! relations amongB→pK decay amplitudes@33#, the
CKM angleg is a central input. Therefore the new strategies
to extract this angle in a rather clean way fromuntagged
Bs data samples presented in Secs. IV and V are also very
helpful to accomplish this ambitious task.

VI. SUMMARY

We have calculated the time evolutions of angular distri-
butions forBs decays into final states that are admixtures of
different CP eigenstates. Interestingly, due to the expected
perceptibleBs-Bs lifetime difference, the corresponding ob-
servables may allow the extraction of CKM phases even in
the untaggedcase where one does not distinguish between
initially presentBs andBsmesons. As we have demonstrated
in this paper, such studies of the exclusiveb̄→ c̄cs̄ modes
Bs→Ds*

1Ds*
2 andBs→J/cf, which are dominated to an

excellent approximation by a single CKM amplitude, allow a
determination of the Wolfenstein parameterh thereby fixing
the height of the usual unitarity triangle. Using the CKM
factorRb}uVubu/uVcbu as an additional input,g can be deter-
mined both fromh and from mixing-inducedCP violation
in Bd→J/cKSmeasuring sin2b. A comparison of these two
results forg determined fromBs and Bd decays, respec-
tively, would allow an interesting test whether the corre-
sponding mixing phases are described by the standard model.

If we apply the SU~2! isospin symmetry of strong inter-
actions to relate the QCD penguin contributions to the
b̄→ūus̄ modeBs→K*1K*2 and to theb̄→ s̄dd̄ transition
Bs→K* 0K̄* 0, which should play the dominant role there,
another extraction ofg is possible fromuntaggedmeasure-
ments of their angular distributions. Substituting the relevant
variables appropriately, the results derived for
Bs→K*1K*2 apply also toBs→r0f which is expected to
be dominated by electroweak penguin operators.

We will come back to these decays in separate forthcom-
ing publications@23,41#. The case ofBs decays into final
states that are not admixtures of differentCP eigenstates but
only of different parity eigenstates is outlined in@5#. There
we discuss how angular correlations for untaggedBs decays
governed byb̄→ c̄us̄ quark-level transitions allow also a de-
termination of the CKM angleg.
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