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Can one measure the weak phase of a penguin diagram?
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The b→d penguin amplitude receives contributions from internalu, c and t quarks. We show that it is
impossible to measure the weak phase of any of these penguin contributions without theoretical input. How-
ever, it is possible to obtain the weak phase if one makes a single assumption involving the hadronic param-
eters. With such an assumption, one can test for the presence of new physics in theb→d flavor-changing

neutral current by comparing the weak phase ofBd
0-B̄d

0 mixing with that of thet-quark contribution to theb
→d penguin amplitude.@S0556-2821~99!00319-7#

PACS number~s!: 13.25.Hw, 12.15.Hh
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I. INTRODUCTION

In the near future, it is expected that experiments aB
factories, DESY HERA-B, and hadron colliders will measu
CP-violating rate asymmetries inB decays@1#, thus yielding
values ofa, b andg, the three interior angles of the unitarit
triangle. What is particularly compelling aboutCP violation
in the B system is that all three angles can be extrac
cleanly, i.e. without theoretical hadronic uncertainties. If n
ture is kind, these measurements will reveal the presenc
physics beyond the standard model~SM!.

The most obvious way to detect new physics is to co
pare the unitarity triangle as constructed from theseCP
angles with the triangle constructed from independent m
surements of the sides. Any inconsistency will be evide
for new physics. The potential problem with this approach
that there are large theoretical errors, all related to hadro
physics, in extracting the lengths of the sides of the unita
triangle from the experimental data. Because of this,
presently allowed region for the unitarity triangle is st
rather large@2#. Thus, it is conceivable that new physic
might be present, but we would still not be certain due to
theoretical uncertainties. Furthermore, even if the prese
of new physics were clearly established, this method wo
not tell us which of the measurements of the sides and an
were affected by the new physics.

In light of this, a more promising technique for searchi
for new physics is to consider two distinct decay mod
which, in the SM, probe the sameCP angle. If there is a
discrepancy between the two values, this would be unequ
cal, clean evidence for new physics. In addition, we wo
have a much better idea of where the new physics enter

In fact, there are several decay modes which can be u
in this way. For example, the angleg can be measured usin
rate asymmetries inB6→DK6 @3# or Bs

0(t)→Ds
6K7 @4#.
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The angleb can be measured viaBd
0(t)→J/cKS or Bd

0(t)
→fKS @5#. In either case, a discrepancy in the values of
measuredCP angles would be a smoking-gun signal for ne
physics. @A third possibility, which is similar in spirit to
these two examples, is theCP asymmetry inBs

0(t)→J/cf.
To a good approximation, in the SM this asymmetry is ze
so that a nonzero value would clearly point to new physic#

If such a discrepancy were observed, what type of n
physics could be responsible? Tree-level weak decays, b
dominated byW-exchange, are essentially unaffected by n
physics. Thus, new physics enters principally through n

contributions to loop-level processes, such asB0-B̄0 mixing
@6# or penguin decays@7#. We can therefore conclude that
discrepancy in the value ofg as extracted fromB6→DK6

andBs
0(t)→Ds

6K7 is due to the presence of new physics

Bs
0-B̄s

0 mixing. Similarly, since the decayBd
0(t)→fKS is a

pure penguin process, new physics in theb→s penguin am-
plitude can lead to different values ofb as measured in
Bd

0(t)→J/cKS andBd
0(t)→fKS . ~If there were new phys-

ics in Bd
0-B̄d

0 mixing, both of these decays would be equa
affected, so that this could not be the cause of any disc
ancy.! Thus, in both cases, not only would we be certain t
new physics is present, we would also know exactly wher
had entered.~Similarly, if the CP asymmetry in Bs

0(t)
→J/cf were found to be nonzero, this would clearly ind
cate the presence of new physics inBs

0-B̄s
0 mixing.!

In all of these examples we are able to probe new phy
in the b→s flavor-changing neutral current~FCNC!. The
obvious question is then: is there a way to use this type
method to probe new physics in theb→d FCNC?

One possibility is to try to measure the weak phase o
b→d penguin diagram. In the~approximate! Wolfenstein
parametrization @8# of the Cabibbo-Kobayashi-Maskaw
~CKM! matrix, only Vtd and Vub have significant non-zero
phases. These phases are two of the angles in the unit
triangle: b5 arg(Vtd* ) and g5arg(Vub* )(a is defined to be
p2b2g). The b→d penguin amplitude receives a contr
bution from an internalt-quark, and the product of CKM
matrix elements found in this contribution isVtb* Vtd , whose
©1999 The American Physical Society20-1
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weak phase is2b. Thus, if one could compare the value
b as extracted from thet-quark contribution to theb→d
penguin with that measured in some other decay@e.g.
Bd

0(t)→J/cKS], one might be able to detect the presence
new physics in theb→d FCNC.

If the t-quark contribution to theb→d penguin amplitude
were dominant, this would be straightforward. In this ca
one could simply measureCP violation in a pureb→d pen-
guin decay such asBd

0→K0K̄0 or Bs
0→fKS . In the SM, the

CP asymmetry inBd
0(t)→K0K̄0 would be expected to van

ish ~the weak phase ofBd
0-B̄d

0 mixing cancels the weak phas
of the t-quark penguin amplitude!, while the measurement o
Bs

0(t)→fKS would allow one to extract sin 2b @9#. If a dis-
agreement were found between these predictions and th
perimental results, this would be a clear indication of n
physics in theb→d FCNC.

Unfortunately, things are not so easy. Theoretical e
mates suggest that theb→d penguin isnot dominated by the
internal t-quark. On the contrary, theu- andc-quark contri-
butions can be substantial, perhaps even as large as 2
50% of thet-quark contribution@10#. If this is the case, the
CP asymmetries do not cleanly probe weak phases, and
SM predictions given above are altered. The asymmet
now depend on~unknown! hadronic quantities such as th
strong phases and the relative sizes of the various pen
contributions, so that a discrepancy between the above
dictions and the measurements does not necessarily im
new physics.

Still, if we could find a way toisolate the t-quark contri-
bution to theb→d penguin, we could perhaps measure
weak phase, and thereby test for the presence of new ph
in the b→d FCNC.

The main purpose of this paper is to examine whet
such a method is feasible. We will show that, in fact, it
impossible tocleanlymeasure the weak phase of thet-quark
contribution to theb→d penguin, or indeed the phase of an
of the penguin contributions. The reason is fundament
very simple: due to the unitarity of the CKM matrix, we hav

Vub* Vud1Vcb* Vcd1Vtb* Vtd50. ~1!

This is the equation used to define the unitarity triangle. B
the three terms in this equation are also the CKM ma
elements of theu-, c- and t-quark contributions to theb
→d penguin. It is therefore impossible to isolate any o
contribution—it is always possible to write a particular co
tribution in terms of the other two. In this paper we refer
this as the ‘‘CKM ambiguity.’’ Since one cannot isolate th
t-quark contribution, it is clearly impossible to measure
weak phase cleanly.

However, all is not lost. If the CKM ambiguity could
somehow be resolved, then it might be possible to mea
the weak phase of thet-quark contribution to theb→d pen-
guin. In fact, as we will show, this can be done, but it r
quires making a theoretical assumption regarding the h
ronic parameters of the penguin amplitude. Since such
assumption holds only within a particular parametrization
the penguin amplitude, this resolves the CKM ambigu
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and allows us to extract the weak phase of thet-quark b
→d penguin, albeit not cleanly.

We discuss the CKM ambiguity in more detail in Sec.
We also show explicitly that several methods which pote
tially could be used to extract the weak phase of theb→d
penguin in fact do not contain enough information. In S
III we show that the CKM ambiguity can be resolved b
making a single assumption about the penguin parame
and give some examples of such assumptions. We conc
in Sec. IV.

II. THE CKM AMBIGUITY

The full b→d penguin amplitude can be written as th
sum of three contributions:

P5 (
q5u,c,t

Vqb* VqdPq , ~2!

where we have explicitly separated out the dependence
the CKM matrix element. In the Wolfenstein parametriz
tion, the weak phases of theVub* Vud , Vcb* Vcd and Vtb* Vtd

terms areg, 0, and2b, respectively.
Now, any one of theVqb* Vqd terms can be eliminated

using Eq.~1!. Thus, depending on which term is eliminate
there are several parametrizations one can use. For rea
which will become clear below, we call this freedom th
‘‘CKM ambiguity.’’

Suppose, for example, that we choose to eliminate
Vub* Vud piece. The penguin amplitude can then be written

P5Vcb* Vcd~Pc2Pu!1Vtb* Vtd~Pt2Pu!

[P cue
idcu1Ptueid tue2 ib, ~3!

where we have explicitly separated out the weak and str
phases and absorbed the magnitudesuVcb* Vcdu and uVtb* Vtdu
into the definitions ofPcu andPtu , respectively. We refer to
this as parametrization 1.

Suppose further that there exists a technique which p
mits us to extract the weak phase2b in the above expres
sion cleanly, i.e. with no theoretical input regarding the re
maining hadronic parameters. If such a technique exis
then it would be possible to express2b ~and perhaps the
other parameters! entirely in terms of measured observable

However, if we had instead chosen to eliminate t
Vtb* Vtd piece from Eq.~2!, we would have found

P5Vcb* Vcd~Pc2Pt!1Vub* Vud~Pu2Pt!

[P cte
idct1Pute

iduteig, ~4!

wherePct andPut are defined in a similar fashion toPcu and
Ptu in Eq. ~3! above. We call this parametrization 2.

The key point here is that parametrizations 1 and 2
very similar in form. If there existed a technique which cou
be used to cleanly obtain2b from parametrization 1, tha
same technique could be applied to parametrization 2 to
tain g. Furthermore, the function of observables which giv
0-2
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CAN ONE MEASURE THE WEAK PHASE OF A PENGUIN . . . PHYSICAL REVIEW D60 074020
2b would be the same function which yieldsg, leading to
the conclusion that2b5g, which is clearly false in genera

This argument demonstrates that it is impossible
cleanly measure the weak phase of thet-quark contribution
to theb→d penguin amplitude, or indeed the weak phase
any contribution. This is due specifically to the CKM amb
guity, i.e. the fact that theb→d penguin amplitude does no
have a well-defined parametrization.~A similar conclusion
also holds for theb→s penguin amplitude. However, in tha
case the situation is slightly different. For theb→s penguin
amplitude, thec- and t-quark contributions are real in th
Wolfenstein parametrization. And theu-quark contribution,
which has a nonzero weak phase, is considerably suppre
relative to the others. Thus, to a good approximation, one
say that theb→s penguin amplitude is real, so that the CK
ambiguity is irrelevant.!

Even though this argument is quite conclusive, it is
structive to examine several methods which one could c
ceivably use to attempt to measure the weak phase of
t-quark contribution to theb→d penguin amplitude, and se
exactly how they fail. In particular, we are interested
counting the number of independent measurements,
comparing this with the number of theoretical parameters.
we will see, in all cases, the number of parameters exce
the number of measurements by one.

Before turning to specific examples, it is useful to esta
lish some notation. Due toBd

0-B̄d
0 mixing, a Bd

0 meson can

evolve in time into a mixture ofBd
0 and B̄d

0 . The time-
dependent decay rate for aBd

0(t) to decay into a final statef
is

G@Bd
0~ t !→ f #5e2GtF uA8u21uĀ8u2

2
1

uA8u22uĀ8u2

2

3cos~DMt !2ImS q

p
A8* Ā8D sin~DMt !G ,

~5!

whereBd
0(t) is a B meson which att50 was aBd

0 , andA8

and Ā8 are A(Bd
0→ f ) and A(B̄d

0→ f ), respectively. In the
Wolfenstein parametrization the mixing parameterq/p takes
the form

q

p
5e22ib. ~6!

It is convenient to remove this mixing phase by redefin
the definitions of the decay amplitudes, i.e.

A[eibA8, Ā[e2 ibĀ8. ~7!

The time-dependent decay rate then allows us to extractuAu,
uĀu, and Im(A* Ā), i.e. the magnitudes ofA andĀ, as well as
their relative phase.

In the examples which follow, we will adopt this notatio
in which the mixing phase has automatically been absor
into the decay amplitudes.
07402
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A. Bd
0
„t…˜K0K̄0

The decayBd
0→K0K̄0 is a pureb→d penguin amplitude.

The study of the time-dependent decay rate for this de
allows one to obtain the three quantitiesuAu, uĀu, and
Im(A* Ā), where A[eibA(Bd

0→K0K̄0) and Ā[e2 ibA(B̄d
0

→K0K̄0). However, it is straightforward to show that th
information alone does not allow us to extract any of t
theoretical parameters in the amplitudes.

Since the decay is pure penguin, the CKM ambiguity
lows us to write the amplitudeA in a variety of ways. Since
we are interested in measuring the weak phase of thet-quark
contribution to theb→d penguin amplitude, we will keep
theVtb* Vtd piece of the amplitude. Suppose that we elimina
the Vub* Vud piece. The amplitudeA can then be written

A5eib@P cue
idcu1P tueid tue2 ib8#

5P cue
idcueib1P tueid tue2 iuNP. ~8!

The quantitiesdcu andd tu are strong phases; only their di
ference is measurable. Also, in the presence of new phys
the phase ofBd

0-B̄d
0 mixing may not be the same as that

the t-quark contribution to theb→d penguin. We have al-
lowed for this possibility by writing the weak phase of th
penguin asb8 in the first line. The new-physics phase
defined asuNP5b82b. Measuring the phase of thet-quark
penguin contribution then is equivalent to measuringuNP .
The Ā amplitude can be obtained from the above equat
simply by changing the signs of the weak phasesb anduNP .

From this expression we can count the number of theo
ical parameters. There are five:b, uNP , Pcu , Ptu and dcu
2d tu . Since we have three measurements in five unknow
it is impossible to solve for these parameters. In particu
one cannot obtainuNP . We can improve things slightly by
noting thatb, which is the phase ofBd

0-B̄d
0 mixing, can be

independently measured inBd
0(t)→J/cKS . However, this

still gives us one more unknown than there are meas
ments.

If we had instead eliminated theVcb* Vcd piece, this con-
clusion would not change. Including now the independ
measurement ofa @say inBd

0(t)→p1p2], we would still be
left with four measurements in five unknowns.

In light of the CKM ambiguity it was to be expected th
we would be unable to cleanly extractuNP . However, the
point that we wish to stress here is that there is only o
more unknown than there are measurements.

B. Isospin analysis ofB˜pp

The decay mode which is usually associated with
measurement of theCP anglea is Bd

0(t)→p1p2. A decade
ago it was noticed thatb→d penguin contributions, if large
can spoil the clean extraction ofa @9,11#. This is often re-
ferred to as ‘‘penguin pollution.’’ Shortly thereafter,
method was proposed for removing the penguin polluti
This method was based on the fact that the amplitudes for
decaysBd

0→p1p2, Bd
0→p0p0 andB1→p1p0 form a tri-

angle in isospin space@12#.
0-3
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In general, the decayBd
0→p1p2 receives contributions

from a tree diagram and ab→d penguin diagram. Using
unitarity to eliminate theVcb* Vcd piece of the penguin dia
gram, we can write

1

A2
A125eib@2T12eid12

eig1PeidPe2 ib8#

5T12eid12
e2 ia1PeidPe2 iuNP. ~9!

In the above theT12eid12
term includes theu-quark piece

of the penguin amplitude, andd12 and d00 are strong
phases.

The Ā12 amplitude is obtained from theA12 amplitude
by changing the signs of the weak phasesa and uNP . If
there were no penguin contributions~i.e. P50), then we
would have Im(A12* Ā12);sin 2a, so that we could obtain
a clean measurement ofa. However, ifPÞ0, then the phase
probed in Im(A12* Ā12) is clearly a complicated function
of a and the other parameters. Thus,a can no longer be
extracted cleanly.

The situation can be improved by using an isospin ana
sis. Isospin relates the amplitude forBd

0→p1p2 to the am-
plitudes forBd

0→p0p0 andB1→p1p0:

1

A2
A121A005A10 ~10!

with a similar triangle relation for the conjugate decays

1

A2
Ā121Ā005Ā20. ~11!

The amplitudesA00 andA10 can be explicitly written as

A005T00eid00
e2 ia2PeidPe2 iuNP,

A105@T12eid12
1T00eid00

#e2 ia, ~12!

where againd00 is a strong phase, and only the difference
strong phases is measurable. TheĀ amplitudes are again
obtained from the above expressions by changing the s
of the weak phases.

The anglea can then be found as follows. The magn
tudes of the six amplitudesuA12u, uA00u, uA10u, uĀ12u,
uĀ00u and uĀ20u, can be measured experimentally. We c
therefore construct theA- and Ā-triangles @Eqs. ~10! and
~11!#. In addition, Im(A12* Ā12) gives the relative phas
between theA12 and Ā12 amplitudes, thereby fixing the
relative orientations of theA- andĀ-triangles. The key point
is that this then fixes the relative orientations of theA10 and
Ā20 amplitudes. But the relative phase of these two am
tudes is just 2a. Thus, the isospin analysis allows one
remove the penguin pollution and cleanly extracta. ~In fact,
there are discrete ambiguities in the above procedure,
they are not our concern here.!
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Although it is nice to be able to obtaina cleanly, the
question which we wish to explore in this paper is: can
get more? In particular, is there enough information to a
extractuNP? It is straightforward to show that the answer
no.

First, we note that there are a total of seven parame
which appear in the theoretical expressions for the am
tudes: a, uNP , T12, T00, P, D12[d122dP and D00

[d002dP . Experimentally, at best one can measure
magnitudes and relative phases of the sixA and Ā ampli-
tudes, giving 11 measurements. However, due to theA andĀ
triangle relations, the four measurements involving theA00

and Ā00 amplitudes are not independent. Furthermore,
haveuA10u5uĀ20u. Thus, of the 11 measurements, only s
are independent. With six measurements in seven unkno
one cannot solve foruNP .

Again, given the discussion of the CKM ambiguity, th
was to be expected. However, as before, we find that the
only one more unknown than there are measurements.

C. Dalitz plot analysis of B˜3p

An alternative way to cleanly extracta in the presence of
penguin contributions is to study the Dalitz plot ofBd

0(t)
→p1p2p0 decays@13#. This final state can be reached v
the intermediate statesr1p2, r2p1 and r0p0. It is the
interference between these intermediate states which al
one to remove the penguin pollution and cleanly obtaina.

In this method, it is theB→rp amplitudes which are the
key ingredients. The isospin symmetry allows one to rel
neutralB→rp decays to chargedB→rp decays. Defining

S1[eibA2A~B1→r1p0!,

S2[eibA2A~B1→r0p1!,

S3[eibA~Bd
0→r1p2!,

S4[eibA~Bd
0→r2p1!,

S5[eib2A~Bd
0→r0p0!, ~13!

one can form an isospin pentagon

S11S25S31S41S5 . ~14!

As in theB→pp case, there are in general both tree andb
→d penguin contributions toB→rp decays. Eliminating
again theVcb* Vcd piece, the above amplitudes can be writt
explicitly as follows@13#:

S15T10eid10
e2 ia12P1eid1e2 iuNP, ~15!

S25T01eid01
e2 ia22P1eid1e2 iuNP,

S35T12eid12
e2 ia1P1eid1e2 iuNP1P0eid0e2 iuNP,

S45T21eid21
e2 ia2P1eid1e2 iuNP1P0eid0e2 iuNP,
0-4



m

tiv

i

d

s
re

de
f

u

ita
,

e

s

cay

.
d as

r
te

CAN ONE MEASURE THE WEAK PHASE OF A PENGUIN . . . PHYSICAL REVIEW D60 074020
S552T12eid12
e2 ia2T21eid21

e2 ia1T10eid10
e2 ia

1T01eid01
e2 ia22P0eid0e2 iuNP.

There is a similar pentagon relation for the conjugate a
plitudes:

S̄11S̄25S̄31S̄41S̄5 , ~16!

in which theS̄i amplitudes can again be obtained from theS
amplitudes by changing the signs of the weak phasesa and
uNP .

The Dalitz plot of the p1p2p0 final state contains
enough information to determine the magnitudes and rela
phases of the six amplitudesS3 , S4 , S5 , S̄3 , S̄4 andS̄5. One
can then obtaina via

S31S41S5

S̄31S̄41S̄5

5e22ia. ~17!

As in theB→pp case, one can again show that there
not enough information to extractuNP . There are a total of
13 theoretical parameters:a, uNP , six T andP amplitudes,
and five relative strong phases. Experimentally, one can
termine the magnitudes and relative phases of allS and S̄

amplitudes (S1 , S2 , S̄1 and S̄2 can be obtained from an
analysis of the Dalitz plot ofp1p0p0). Thus, there are
nominally 19 measurements.

Because of theSandS̄ pentagon relations, the amplitude
S5 and S̄5 are not independent. This removes four measu
ments.

We have the equalityuS11S2u5uS̄11S̄2u. This removes
one more measurement.

It is easy to verify the complex equality

S32S42S1

S̄32S̄42S̄1

5
S11S2

S̄11S̄2

. ~18!

This removes two more measurements.
Thus, of the 19 measurements, in fact only 12 are in

pendent. Since there are 13 unknowns, we cannot solve
uNP , as per the CKM ambiguity.1 And, as in theB→pp
case there is one more unknown than there are meas
ments.

D. Angular analysis of B˜VV decays

Consider the case where a neutralB meson decays to a
final state consisting of two vector mesonsV. Because of the
fact that this final state does not have a well-defined orb
angular momentum, it cannot be aCP eigenstate. However
it is possible to disentangle theCP-even andCP-odd com-

1We note that this contradicts one of the conclusions of Ref.@13#.
The authors of Ref.@13# concede that this particular point is in erro
in their paper. We thank Helen Quinn for discussions of this mat
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ponents of theVV state through a helicity analysis of th
decay products of theV mesons@14#.

The amplitudes for a neutralB or B̄ meson to decay into
a pair of vector mesons can be written as

A~B→V1V2!5 (
l5$0,',i%

Alzl f l ,

Ā~B̄→V1V2!5hCP (
l5$0,',i%

Ālzl* f l , ~19!

where thef l are the coefficients of the helicity amplitude
written in the linear polarization basis; thef l depend only on
the angles describing the kinematics. The factorzl has been
introduced to account for the fact that theP-wave amplitude
A' is CP-odd, whileA0 andAi areCP-even. Thus,zl51
for l5$0,i% andzl5 i for l5'. The intrinsicCP parity of
the A0 final state is defined ashCP .

The quantities which appear in the time-dependent de
rate @Eq. ~5!# are

uAu25(
l,s

AlAs* zlzs* f l f s , ~20!

uĀu25(
l,s

ĀlĀs* zl* zs f l f s , ~21!

and

A* Ā5(
l,s

Al* Āszl* zs* f l f s . ~22!

Using Eqs.~20!–~22!, Eq. ~5! can be rewritten as

G@Bd
0~ t !→ f #5e2Gt (

l<s
@Lls1Slscos~DMt !

2rls sin~DMt !# f l f s , ~23!

where the summation is done realizing the fact thatf l f s

cannot be distinguished fromf s f l in an angular analysis
The quantities appearing in the above equation are define

Lll5
uA lu21uĀlu2

2
, ~24!

Lls5Re~AlAs* zlzs* 1ĀlĀs* zl* zs!, lÞs, ~25!

Sll5
uA lu22uĀlu2

2
, ~26!

Sls5Re~AlAs* zlzs* 2ĀlĀs* zl* zs!, lÞs, ~27!

rll5Im~Al* Ālzl*
2!, ~28!r.
0-5
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rls5Im„~Al* Ās1As* Āl!zl* zs* …, lÞs. ~29!

We remind the reader that we have adopted a notatio
which the mixing phaseq/p has been absorbed into the d
cay amplitudesAl andĀl .

It is clear from Eqs.~23!–~29! that 18 quantities can b
measured. However, it is equally clear that only 11 of th
observables are independent. The fundamental quantitie
the six amplitudesAl andĀl , l50,',i . The most one can
measure is their magnitudes and relative phases, for a tot
11 independent measurements. And in fact, it is straight
ward to show that the observables in Eqs.~24!–~29! suffice
to measure these 11 quantities, up to a twofold discrete
biguity in the relative phases.

What can we learn from this information? For definitiv
ness, let us consider the pureb→d penguin decayBd

0

→K* K̄* , which is quite similar to the previous decayBd
0

→K0K̄0. Using CKM unitarity to eliminate theVub* Vud

piece, the helicity amplitudes can be written

Al5P cu
l eidcu

l
eib1P tu

l eid tu
l

e2 iuNP. ~30!

As usual, theĀl amplitudes are obtained by changing t
signs ofb anduNP in the above expression.

We can now count the number of theoretical parame
in the decay amplitudes. There are 13:b, uNP , six P mag-
nitudes, and five relative strong phases. Assuming thatb is
independently measured, this still leaves 12 measuremen
13 unknowns. Once again, we cannot obtainuNP cleanly.
And once again, there is one more theoretical unknown t
there are measurements.

E. Isospin 1 angular analysis ofB˜rr decays

As a final example, one can imagine combining isos
and angular analyses. Consider the decayBd

0→r1r2. The
r1r2 final state is not aCP eigenstate. An angular analys
can distinguish theCP-even piece from theCP-odd piece
by separating out the three helicities. That is, we could
tain the magnitudes and relative phases of the amplitu
Al

12 (l50,',i), along with the corresponding conjuga

amplitudesĀl
12 , where

1

A2
Al

125Tl
12eidl

12

e2 ia1PleidP
l
e2 iuNP. ~31!

However, as in theBd
0→p1p2 case, in the presence of pe

guin contributions, this is not enough to obtaina
cleanly—-an isospin analysis is also necessary.

Imagine, then, that an angular analysis were also p
formed on the decaysBd

0(t)→r0r0 and B1→r1r0. We
could then also obtain the amplitudesAl

00, Al
10 , along with

their conjugate amplitudes. These amplitudes can be wri
as

Al
005Tl

00eidl
00

e2 ia2PleidP
l
e2 iuNP,
07402
in

e
are

of
r-

-

rs

in

n

n

-
es

r-

n

Al
105@Tl

12eidl
12

1Tl
00eidl

00
#e2 ia. ~32!

The Āl amplitudes are obtained by changing the signs of
weak phases. The helicity amplitudes form isospin triang

1

A2
Al

121Al
005Al

10 ,
1

A2
Āl

121Āl
005Āl

20 . ~33!

There are thus six isospin triangles involving 18 amplitud
From the above, we see that there are a total of

theoretical parameters: a, uNP , nine magnitudes
(Tl

12 ,Tl
00, Pl), and eight strong-phase differences. Expe

mentally, the magnitudes and relative phases of all 18 a
plitudes can be obtained, giving a total of 35 measureme
However, not all measurements are independent:

Because of the isospin triangles, the amplitudesAl
00 and

Āl
00 are not independent. This removes 12 measurement
We have

Al
10

Āl
20

5e22ia, l50,',i . ~34!

Thus, the magnitudes ofAl
10 andĀl

20 are equal, as are thei
relative phases, for the helicitiesl50,',i . This removes an
additional five measurements.

We therefore find that we have a total of 18 independ
experimental measurements, but 19 theoretical unknow
Although we can cleanly find theCP-phasea, we cannot
determine any of the remaining parameters, includinguNP .

III. RESOLVING THE CKM AMBIGUITY

In the previous section, we showed that, due to the CK
ambiguity, it is not possible to cleanly measure the we
phase of a penguin amplitude. Indeed, in all the examp
considered, we found that there were more theoretical
rameters than measurements, in agreement with this re
However, what is interesting about the study of these
amples is that in all cases there was only one more unkn
than there were measurements. Although we did not pre
a proof, the result appears to be very general.

This result indicates something quite useful: if we wish
test for the presence of new physics in theb→d FCNC by
comparing the weak phase ofBd

0-B̄d
0 mixing with that of the

t-quark contribution to theb→d penguin amplitude, it is
necessary to make a single assumption about the theore
~hadronic! parameters describing the decay. This assump
will hold in only one parametrization of the decay amplitud
and will therefore resolve the CKM ambiguity. Furthermor
the requirement of a single theoretical assumption holds
gardless of which type of method is used.

In this section, we present several examples which sh
explicitly how a theoretical assumption allows one to extr
the weak phase of thet-quark contribution to theb→d pen-
guin, thereby enabling one to test for the presence of n
physics in theb→d FCNC.
0-6
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A. Bd
0
„t…˜K0K̄0 and Bs

0
„t…˜fKS

As mentioned in the introduction,Bd
0→K0K̄0 and Bs

0

→fKS are pure b→d penguin decays. It was recent
shown in Ref.@15# that, by measuring the time-depende
decay rates for these processes, and adding a theoretic
sumption, together these decays can be used to measur
weak phase of thet-quark contribution to theb→d penguin
amplitude.

The amplitude forBd
0→K0K̄0 was given in Eq.~8! and is

repeated for convenience below:

Ad
KK5P cue

idcueib1P tueid tue2 i (b82b), ~35!

whereb is the weak phase ofBd
0-B̄d

0 mixing andb8 is the
weak phase of thet-quark contribution to theb→d penguin
amplitude.

The amplitude forBs
0→fKS can be written

As
fK5P̃cue

i d̃cu1P̃tuei d̃ tue2 ib8, ~36!

where we have assumed that there is no new physic
Bs

0-B̄s
0 mixing. ~As discussed previously, it is possible

directly test for the presence of such new physics. If it tu
out that there is new physics inBs

0-B̄s
0 mixing, it can be

included straightforwardly in the above equation.!
Comparing the above two equations, one immediat

notes that the parameters in Eq.~36! are written with tildes
compared to those in Eq.~35!. There are several reason
First, there is a different spectator quark in the two deca
Second, the decayBs

0→fKS receives additional contribu
tions from electroweak penguins and Zweig-suppressed
onic penguins. And third, the decayBd

0→K0K̄0 has two
pseudoscalars in the final state, whileBs

0→fKS has a vector
and a pseudoscalar. Because of these differences, we e
that the parameters in Eq.~35! are not equal to their coun
terparts with tildes in Eq.~36!.

There are thus a total of eight unknowns in the two a
plitudes: b, b8, Pcu , P̃cu , Ptu , P̃tu , dcu2d tu , and d̃cu

2 d̃ tu . However, there are~as usual! only seven measure
ments: the magnitudes and relative phase ofAd

KK and Ād
KK ,

the magnitudes and relative phase ofAs
fK andĀs

fK , and the

weak phase inBd
0-B̄d

0 mixing, b.
The number of theoretical unknowns can be made eq

to the number of measurements by making an assumptio
Ref. @15# it is assumed thatr 5 r̃ , wherer[Pcu /Ptu and r̃

[P̃cu /P̃tu . The uncertainty on this assumption is estima
to be fairly small:

r 2 r̃

r
.20%. ~37!

Thus, takingr . r̃ is a reasonably good approximation. Wi
this assumption, we now have seven measurements in s
unknowns, and we can therefore solve forb and b8 sepa-
rately, up to discrete ambiguities.~The explicit solution is
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given in Ref. @15#.! A comparison ofb and b8 may then
reveal the presence of new physics in theb→d FCNC.

B. Isospin analysis ofB˜pp

In Sec. II B we discussed how an isospin analysis ofB
→pp decays allows one to remove the penguin polluti
and cleanly extracta. However, there are not enough me
surements to obtain further information about the remain
theoretical parameters. We had

1

A2
A125T12eid12

e2 ia1PeidPe2 iuNP,

1

A2
Ā125T12eid12

eia1PeidPeiuNP. ~38!

Defining

2ae f f[arg~A12* Ā12!, ~39!

we therefore have three measureme
(uA12u, uĀ12u, 2ae f f) in four unknowns (T12,P,d12

2dP ,uNP).
Suppose that we knew the value ofP/T12. This could

come, for example, from a theoretical estimate or a latt
calculation. In this case, we can solve foruNP . One can
derive the following expressions@16#:

P25
uA12u21uĀ12u222uA12uuĀ12ucos~2a22ae f f!

8sin2~a2uNP!
,

~T12!2

5
uA12u21uĀ12u222uA12uuĀ12ucos~2uNP22ae f f!

8sin2~a2uNP!
.

~40!

Thus, if we assume a particular value of the ratioP/T12,
these expressions allow us to deriveuNP in terms of known
quantities. And we again stress that the assumption abou
value of P/T12 holds only within a particular parametriza
tion, thus lifting the CKM ambiguity.

C. Angular analysis of Bd
0
„t…˜K* K̄*

In Sec. II D, the decayBd
0→K* K̄* was discussed in the

context of an angular analysis. The helicity amplitudes w

Al5P cu
l eidcu

l
eib1P tu

l eid tu
l

e2 iuNP,

Āl5P cu
l eidcu

l
e2 ib1P tu

l eid tu
l

eiuNP, ~41!

wherel50,',i . The helicity analysis allows the extractio
of the magnitudes and relative phases of all theAl and Āl

amplitudes.
In order to extractuNP , it is possible to use one of th

techniques described in the previous subsections. Howe
0-7
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one might also consider an alternative method involving
strong phases. Definingdl[dcu

l 2d tu
l , suppose we assum

that thedl’s are the same for all helicities. This assumpti
is somewhat in the spirit of Bander, Silverman, and S
~BSS! @17#, in which the strong phases arise principally fro
the absorptive parts of the loop diagrams, and so are in
pendent of the helicity of the final state.
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We can then solve foruNP as follows. We define the
measurable quantitywe f f

l as

2we f f
l [arg~Al* Ālzl*

2!. ~42!

Then we can solve fordl as a function ofuNP @16#:
tandl5
sin~b1uNP!~ uA lu22uĀlu2!

cos~b1uNP!~ uA lu21uĀlu2!22uAluuĀlucos~2we f f
l 1b2uNP!

5
tan~b1uNP!Sll

Lll2ALll
2 2Sll

2 @cos~2we f f
l 12b!1tan~b1uNP!sin~2we f f

l 12b!#
, ~43!
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whereLll and Sll are defined in Eqs.~24! and ~26!. As-
suming thatdl5ds, wherel and s represent different he
licities, the above equation allows one to solve foruNP in
terms of measurable quantities only. Of course, the solu
will contain discrete ambiguities, but it will still be possib
to establish whetheruNP is nonzero.

We must point out here that, although the assumption
commondl for all helicity amplitudes does allow us to ob
tain uNP , its theoretical justification is problematic. Fro
Eqs.~3! and ~30!, recall that

P cu
l eidcu

l
5~ uPc

lueidc
l
2uPu

lueidu
l
!uVcb* Vcdu,

P tu
l eid tu

l
5~ uPt

lueid t
l
2uPu

lueidu
l
!uVtb* Vtdu. ~44!

In the BSS calculation@17#, the details of the calculations o
the penguin diagrams are independent of the helicity of
final state. In particular, the strong phasesd i

l ( i 5u,c,t) are
in fact l-independent. Furthermore, the factorsuPi

lu ( i
5u,c,t) can each be written as al-independent penguin
piece multiplied by acommonl-dependent matrix elemen
In this case, it is straightforward to verify that, indeed, t
strong phasedl is the same for all helicity states.

However, there is also a problem: the onlyl dependence
of the amplitudesAl andĀl in Eqs.~41! is the presence o
this overall multiplicative common matrix element. And th
matrix element cancels in all ratios involvingAl and/orĀl .
In particular, ratios such asSll /Lll are in fact
l-independent. But this implies that the right-hand side o
Eq. ~43! is actually independent ofl, so that the technique
does not work.

The only possible loophole in the above argument is t
the BSS calculation makes use of factorization. If nonfact
izable effects are large — and they may well be for peng
diagrams — then there may not be a commonl-dependent
matrix element for each of theuPi

lu factors. In this case, the

helicity dependence ofAl and Āl is considerably more
n

a

e

t
r-
n

complicated than a simple multiplicative factor. On the oth
hand, in general the strong phasesdl will then not all be
equal.

Thus, in order to justify the assumption of a commondl

for all helicity amplitudes, one must hope that nonfactor
able effects exist which give different matrix elements f
the various internal-quark contributions, but neverthel
give the samedl for all helicities. Although this is a logica
possibility, it must be admitted that it seems implausible.

IV. CONCLUSIONS

In the coming years, many measurements will be made
CP violation in theB system. Hopefully these measuremen
will reveal the presence of new physics. Although this
itself will be very exciting, we will then want to know wha
kind of new physics it is, and how it has affected theCP
asymmetries.

New physics generally can affectCP-violating asymme-
tries through its effects on loop-level processes, such
B0-B̄0 mixing or penguin decays. It is then useful to categ
rize these effects as belonging to theb→s or the b→d
flavor-changing neutral current~FCNC!. Although there are
several ways to cleanly test for the presence of new phy
in the b→s FCNC, it is not so easy to do this for theb
→d FCNC.

In the SM, the weak phase inBd
0-B̄d

0 mixing is the same as
that found in thet-quark contribution to theb→d penguin
amplitude. In the presence of new physics, these two ph
may be different. The question then is: can one measure
phase of the penguin amplitude? In this paper we h
shown that it isnot possible to cleanly measure this phas
The reason is essentially the following. There are three c
tributions to theb→d penguin, coming from internalu, c
andt-quarks. However, due to the unitarity of the CKM m
trix, it is always possible to write any one of these contrib
tions in terms of the other two. We call this the ‘‘CKM
ambiguity.’’ It is therefore not possible to isolate thet-quark
0-8
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contribution, and so one cannot cleanly measure its w
phase.

We have explicitly analyzed several methods which co
conceivably have been used to try to obtain the weak ph
of the t-quark contribution to theb→d penguin, and found
that, indeed, there is not enough information to extract
phase of thet-quark penguin.

However, in performing this analysis, we have also o
tained an interesting result: in all cases there is one m
theoretical~hadronic! unknown than there are measuremen
Thus, the addition of a single assumption about the hadro
parameters, which removes the CKM ambiguity, allows
extraction of the weak phase of thet-quark penguin. This can
then be used to test for the presence of new physics in
b→d FCNC. We have given several examples of metho
c
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along with the corresponding assumptions, in which this c
be done.

Note added. While we were writing this paper, we re
ceived a paper by Fleischer@18# which discusses some o
these same issues for the specific case of the angular ana
in B→VV decays.

ACKNOWLEDGMENTS

We thank Helen Quinn for helpful correspondence. R
thanks D.L. for the hospitality of the Universite´ de Montréal,
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