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Possibility of large direct CP violation in B˜Kp-like modes because of long distance
rescattering effects and implications for the angleg
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We consider the strong rescattering effects that can occur in decays such asB→Kp, K* p, Kr, . . . , and
their impact on directCP violation in these modes. First we discuss, in general, how theCPT theorem
constrains the resulting pattern of partial rate asymmetries~PRA’s! leading to different brands of directCP
violation. Traditional discussions have centered around the absorptive part of the penguin graph which has
DI 50 in b→s transitions and as a result causes ‘‘simple’’CP violation; long-distance final state rescattering
effects, in general, will lead to a different pattern ofCP violation: ‘‘compound’’ CP violation. Predictions of
simpleCP violation are quite distinct from that of compoundCP violation. Final state rescattering phases in
B decays are unlikely to be small possibly causing large compoundCP-violating partial rate asymmetries in
these modes. TheCPT theorem requires a cancellation of PRA’s due to compoundCP violation among the
Kp states themselves; thus there can be no net cancellation with other states such asK* p, Kr, etc. Therefore,
each class of such modes, namely,Kp, Kr, K* p, Ka1, etc., can have large directCP violation emanating
from rescattering effects. Various repercussions for the angleg are also discussed.@S0556-2821~98!06215-8#

PACS number~s!: 11.30.Er, 13.25.Hw
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I. INTRODUCTION

Recent evidence from CLEO@1# indicates that the long
sought after penguin dominated decaysB0→K1p2 and
B1→K0p1 occur with branching ratios (Br) on the order of
1025:

Br~B̄0→K2p1!51.5
10.5
20.4

10.1
20.160.131025,

Br~B1→K̄0p2!52.3
11.1
21.0

10.2
20.260.231025,

~1!

where both modes have been averaged with their conjug
Using the short-distance~SD! Hamiltonian@2#, there have

been several recent theoretical calculations@3# of such exclu-
sive modes. While these calculations are rather unrelia
the relative contributions to these processes from peng
and tree graphs suggest that penguin operators, i.eb
→sg* , will be the dominant contributors. Nonetheless, tr
processes, i.e.,b→W* u→uūs could be an important featur
of these decays through, for example, interference eff
with the penguin amplitudes.

In this work we will primarily explore the possibility o
relatively large directCP violation driven by long-distance
~LD! rescattering effects in any of the following modes:

B2→K2p0, B2→K̄0p2,

B̄0→K2p1, B̄0→K̄0p0. ~2!

In order to understand howCP violation will manifest itself
in these modes, we first prove general theorems that s
0556-2821/98/58~3!/036005~15!/$15.00 58 0360
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how such large effects may come about consistent with
constraints of theCPT theorem. Applying this in the specific
case ofKp final states, we shall see that to have large par
rate asymmetries~PRA’s! there must be a significant amou
of inelastic rescattering with other light~e.g.,K1np) states
@4#. In particular, it is required that in the case ofB2 decay

the processb→uūs contribute to the final stateK̄0p2

~which has a different quark content, i.e.,dd̄s). These strong
rescattering effects may not in general be reliably calcula
but there are good reasons to believe that at the scale o
B mass their contributions are unlikely to be small.

CP violation emerging from these LD rescattering effec
is rather distinct from those governing the effects of peng
transitions, which have been the focus of discussion
many years. In the latter case the final states haveI 51/2.
The rescattering effects, on the other hand, lead to states
are mixtures ofI 51/2 and 3/2.CPT consideration along
with unitarity of theS matrix lead us to categorize these
two brands ofCP: simpleCP and compoundCP violation.
It is also useful to further subdivide simpleCP violation into
two categories type I and type II, to be defined below. T
partial rate asymmetry cancellations in the various cases
quite different with rather distinctive experimental predi
tions.

In particular,CP violation ~i.e., simpleCP type I! driven
by penguin transitions@5# ~i.e.,DI 50) may be regarded as
partial rate asymmetry of the quark level decayb→uūs. In
this case the partial rate asymmetry cancels withb→cc̄s. At
the meson level this leads to a cancellation betweenuūs

states such asKp andcc̄s states such asDD̄s1np. On the
other hand, simpleCP violation ~type II! arising from
rescattering effects, such as in Ref.@4#, lead to cancellations
© 1998 The American Physical Society05-1
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FIG. 1. Lowest order Feynman diagrams for various quark level processes which lead toB→Kp. ~a! A penguin diagram with an
intermediatet quark.~b! A penguin diagram with an intermediatec quark.~c! A penguin diagram with an intermediateu quark.~d! A tree

graphb→uūs. In graphs~c! and ~d! cuts are shown where there can be intermediate on-shell states.
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between mesonic states of light quark content; for instan
Kp cancels againstK1np. Finally compoundCP violation
is the result of interference between different isospins
can only result in a cancellation of partial rate asymme
between different charge exchange modes, for example,B2

→K2p0 cancels againstB2→K̄0p2.
Using these interference effects we will then try to obta

information about the angleg of the Cabbibo-Kobayashi
Maskawa~CKM! matrix. Bounds ong may be deducible
either assuming no LD rescattering effects or by assumin
specific value for such effects.

It is important to note that while our discussion is large
in terms ofKp, it applies more generally to similar state
which involve only one amplitude. This would include a
decays to a kaonic resonance and an isospin 1 meson w
one of the two is a scalar or a pseudoscalar, for instance

B→K* p, Kr, K~11!p, Ka1 , K~01!r,

K~01!p, Ka2 , K* a0 , etc. ~3!

In the case of compoundCP violation, theCPT theorem
dictates that partial rate asymmetries arising from LD cha
exchange rescattering effects in theKp system cannot cance
against those of theK* p system~for example!. Thus each
such class of final state can independently have large d
CP violation emanating from long-distance rescattering
fects.

Note also that the PRA’s from each of the three sour
mentioned in the above discussion are additive. This me
that the net PRA in some of the modes given above would
numerically bigger than that due only to compoundCP vio-
lation, for example; whereas in other cases it would
smaller, as a result of partial cancellations.

Some of these modes have the useful property that
kaonic state is self-tagging in the case where all the mes

are neutral. For instance, in the decayB̄0→K̄0p it is not

possible to tell directly whether aB0 or a B̄0 initially de-
03600
e,

d
y

a

ere

e

ct
-

s
ns
e

e

e
ns

cayed. However in the caseB̄0→K̄0* p followed by the sub-

sequent decayK̄0*→K2p1 the final state could only come

from a B̄0.

II. QUARK LEVEL PROCESSES

In all of our subsequent discussion, we will be probing t
same four quark level processes depicted in Fig. 1. Figu
1~a!–1~c! represent penguin processes all of which medi
the decayb→uūs(dd̄s). Figure 1~d! is a tree process which
also givesb→uūs.

Each of these quark level processes will take place i
meson where theb quark is combined with a lightu or d

quark to form aB2 or B̄0 meson. For definiteness, we tak
the final state to beKp so that we have one of the decays
Eq. ~2! though the generalization of our discussion to t
modes in Eq.~3! is straightforward.

Of primary concern to us is the possibility ofCP viola-
tion due to the interference of these diagrams. Indeed in
phase convention of Ref.@6# Figs. 1~c!, 1~d! have a weak
phase ofg with respect to Figs. 1~a! or 1~b!. In order to have
CP violation manifested in the interference between the
graphs, however, it is also necessary that there be a st
rescattering phase.

As pointed out in Ref.@5# one form of rescattering phas
which exists at the quark level arises in Fig. 1~b!. In this case
if the invariant mass of theuū is larger than 2mc , the indi-
cated cut through thecc̄ intermediate state will lead to a
imaginary part for this diagram. The diagram in Fig. 1~c!,
which is the higher order contribution to the rescattering
Fig. 1~d! will likewise generate an absorptive phase. Ho
ever, as discussed in the context of perturbation theory
Ref. @7# and more generally in Ref.@8#, the CPT theorem
prevents the diagonal rescatteringuū→uū from contributing
to CP-violating asymmetries at the quark level. In additio
this particular higher order correction is likely to be nume
cally a small contribution to the amplitude.
5-2
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POSSIBILITY OF LARGE DIRECTCP VIOLATION IN . . . PHYSICAL REVIEW D 58 036005
In the paper@9# a model for the contribution of the res
cattering effects of Fig. 1~b! to CP violation in B→Kp is
considered and it is found that the resulting asymmetries
only a few percent, although it must be kept in mind th
these calculations have significant uncertainties. In Ref.@10#
Kp, KK, andpp final states were considered in the conte
of an SU~3! analysis which, as pointed out in Refs.@11,12#
implicitly assumed that long distance rescattering of the fi
state was small. Specifically, in Ref.@10# it was assumed tha
the tree graph, Fig. 1~d!, could not contribute to the deca

B2→K̄0p2.
If one accepts this assumption, there is an important

plication concerning the extraction of the CKM parameteg
from experimental data. As is suggested in Ref.@12#, the
isospin amplitudes extracted from the relations of Ref.@10#
imply that given the total rates for the decays in Eq.~2!, even
if one ignoresCP-violating information~by adding each de
cay rate to its charge conjugate!, one can place a bound o
the CP odd angleg which under some conditions may b
quite restrictive when compared with other experimen
bounds ong. In Ref. @13# an interesting suggestion is mad
~as will be discussed below! that with experimental data onl
slightly more precise than the current data~1!, an upper
bound on the value of sin2g could be established whic
would likely be fairly restrictive if the actual rates are simil
to the current central values. Unfortunately this bound
based on the assumption, similar to Ref.@10# that either
long-distance rescattering effects are not important or tha
amplitudes are affected by such rescattering according
constant factor@14#. We believe there is good reason to thin
that this assumption may not hold.

Consider, for instance, the meson level Feynman d
grams in Fig. 2@15#. If one naively calculates this diagram
because of the essentially massless meson exchange int
channel, one obtains an answer which does not make s
in the context of perturbation theory since contributions
come so large that perturbation theory is not trustworthy
particular one obtains the result that the loop contribution
larger than the initialB→Kp amplitude. This would sugges
that the LD rescattering phases are unlikely to be small
less there are large cancellations.

FIG. 2. Examples of meson level diagrams for the rescatte

of a K2p0 final state to the final statep2K̄0.
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In particular, as was also pointed out in Ref.@12#, in order

for the tree not to contribute to theK̄0p2 final state, there
would have to be a remarkable coincidence of such lo
distance rescattering effects adjusting both the isospinI
51/2 andI 53/2 by multiplying them by the same magn
tude and phase. Unless the long-distance rescattering ph
are vanishingly small it is highly implausible that such e
fects are independent of isospin.

Indeed, there is an analogous situation inD decays@16#,
where a similar set of isospin amplitudes govern the Cabi
allowed decayD→Kp. Here there are two isospin ampl
tudesT3/2 and T1/2 in terms of which the decay amplitude
are

A~D1→p1K̄0!5A3T3/2,

A~D0→p1K2!5T3/21A2T1/2,

A~D0→p0K̄0!5A2T3/22T1/2. ~4!

Using the branching ratios from Ref. @17#

AG(D1→p1K̄0)/G(D0)50.104,AG(D0→p1K2)/G(D0)

50.196, andAG(D0→p0K̄0)/G(D0)50.149 from which
one can solve foruarg(T1/2T3/2* )u'86° @18#.

Another example of aD0 decay which shows how long
distance effects can effectively annihilate oneqq̄ pair into

another isD0→K0K̄0 @19#. In the usual singly Cabibbo sup
pressed charm decayc→ss̄u, the final quark content of such
a D0 decay isuūss̄which can only formK1K2 and so some

rescattering must be involved in the formation of theK0K̄0

state. The branching ratio

Br~D0→K0K̄0!

Br~D0→K1K2!
'0.3 ~5!

indicates that such effects are prominent. It is important
emphasize that the annihilation (uū→dd̄) in the above pro-
cess is through long-distance effects and cannot, in gen
be calculated reliably through perturbation theory. Therefo

in the analogous decayB2→K̄0p2 we must seriously con-
sider the possibility that the tree graph has a substantial c
tribution to the final state which cannot be estimated
short-distance perturbative methods@15#.

One might hope that since the energies in theB decay are
much larger than inD, the rescattering effects through an
given channel may be greatly reduced. It has, however, b
suggested in Ref.@4# that there are in fact many multibod
intermediate states which may contribute to the rescatte
process and they argue that the cumulative effect of all s
states does not decrease withmB .

The argument of Ref.@4# is essentially as follows. First
from the optical theorem one can relate the forward scat
ing amplitude ofKp to the total cross section forKp:

Im@MKp→Kp~s,t50!#'ss~Kp!. ~6!

g

5-3
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DAVID ATWOOD AND AMARJIT SONI PHYSICAL REVIEW D 58 036005
It is reasonable to assume thats(Kp) follows the phenom-
enological scaling law of other total hadronic cross secti
@4,20,21#:

s~s!5X~s/s0!0.081Y~s/s0!20.56, ~7!

where s0'1 GeV2. From this it follows that the above
imaginary part of the amplitude scales similar to

Im~M!}s1.08. ~8!

If we now assume that the behavior of the amplitudeM
as a function oft for t<0 is an exponential decreaseM
}exp(2butu) ~whereb'0.25 GeV22) then it can be shown
that the imaginary part ofM(B→pK)}(Mb

2)0.08 just from
integrating over theKp intermediate states. When takin
into account a more detailed argument involving Reg
theory in the rescattering this is modified only slightly
M(B→pK)}(MB

2)0.08/ln(MB
2/s0). The point is that there is

little scaling withMB
2 .

Since the amplitude for the elastic scattering is domina
by the imaginary part of the amplitude, unitarity of the stro
S matrix can be shown to imply that rescattering throu
other states, such asK1np will give an even bigger contri-
bution to the strong phase ofB→Kp than the elastic rescat
tering channel. Thus the elastic rescattering will be large
the inelastic rescattering@22# will be even larger giving rise
to a totally incalculable rescattering phase which could w
be appreciable even at the scale (mB) of the B mass. Again,
it is important to note that the large contributions to t
rescattering amplitude assessed here cannot be estimate
perturbation theory.

In the following sections, we consider the impact of su
large phase shifts on the forms ofCP violation which can
occur in B→Kp. In particular the proportion ofCP viola-

tion in pairs of charge exchange modes~e.g., K̄0p2 versus
K2p0) tells us about the nature of the rescattering proces
involved. First though, let us consider the implications of t
CPT theorem in a very general situation where some sy
metry of the strong interaction is present.

III. IMPLICATIONS OF THE CPT THEOREM: SIMPLE
AND COMPOUND CP VIOLATION

The CPT theorem is an important prediction of relativi
tic quantum field theory@23# and indeed all experimenta
information to date affirm thatCPT is an exact symmetry o
nature @23#. An important consequence of this theorem

that the total decay rate of a particleA and its antiparticleĀ
are identical:

G~A!5G~Ā!. ~9!

It does not, however, follow that the partial decay rate
a specific final stateG(A→X) is the same as itsCP conju-

gateG(Ā→X̄). In fact, defining

DG~A→X!5G~A→X!2G~Ā→X̄! ~10!
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~where we will useD generally to mean the difference be
tween a quantity and itsCP conjugate! if DGÞ0 CP is
clearly violated butCPT need not be.CP violation of the
form in Eq. ~10! is referred to as a partial rate asymmetr
Clearly, if CPT is not to be violated, all of the differen
partial rate asymmetries@24# present in a given decay mus
cancel. Thus there must existn>2 states$X1 , . . . ,Xn% such
that

(
i 51

n

DG~A→Xi !5DG~A!50. ~11!

Let us start by considering the specific case ofB2 decay,

i.e., B2→K2p0 and B2→K̄0p2. As explained above, if
there is a partial rate asymmetry~PRA! in these modes, they
must exchange PRA with some other state and indeed,
state which it exchanges PRA with will depend fundame
tally on the mechanism which gives rise to the PRA in t
first place.

The stateB2→K2p0 may exchange partial rate asymm
try in ~at least! two specific ways. First, there may be som

net exchange of the two statesK2p0 and K̄0p2 with some
other states and/or PRA inK2p0 may balance against th

PRA in K̄0p2. We can characterize these two possibiliti
with the quantities

D1~B2!5DG~B2→K2p0!1DG~B2→K̄0p2!,

D2~B2!5DG~B2→K2p0!2DG~B2→K̄0p2!.
~12!

Similarly, for the case of theB̄0 we have

D1~B̄0!5DG~B̄0→K2p1!1DG~B̄0→K̄0p0!,

D2~B̄0!5DG~B̄0→K2p1!2DG~B̄0→K̄0p0!.
~13!

We will refer toCP-violating effects which causeD1Þ0 as
‘‘simple CP violation’’ since, as we shall see, in this cas
the exchange is between states of the same isospin whileCP
violation which causesD2Þ0 we will refer to as ‘‘com-
poundCP violation’’ since it can only result from the inter
ference of two different isospin states.CP violation which
maintainsD150 is pure compound CP violation. In general,
however, it would be expected that both simple and co
poundCP violations would be present.

There is a further distinction among the states which co
pensate forD1, namely, that portion which is exchange
with other final states containing only light quarks and th
portion which is exchanged with states containingcc̄ such as
DD̄s1np. Let us defineDuū

1 to be that portion ofD1 ex-

changed with other light quark states such asK1np andDcc̄
1

to be that portion exchanged with states containing acc̄.
Thus, we can write

D15Dcc̄
1

1Duū
1 . ~14!
5-4



s

th
d

r
tiv
e

o
i

en
ire
ich
d
L

m
rie
c

e

se
ur

ce
w

ak

he
ak

m
o

d

ir

g the
w,

sym-

m-
on
ase
iate
cat-

e

tri-

m-

be
x-
are

that
ates

di-
to
her
in-

een

-

rtial
will

r

f.

POSSIBILITY OF LARGE DIRECTCP VIOLATION IN . . . PHYSICAL REVIEW D 58 036005
For convenience, we are subdividing simpleCP violation
further. The caseDcc̄

1
Þ0 is being dubbed type I, wherea

Duū
1

Þ0 is type II. The quantitiesDuū
1 andDcc̄

1 are not, how-
ever, separately experimentally observable. On the o
hand, the net exchange between all light quark states an
states containingcc̄ which we denoteD1(uū) can be ob-
tained from experiment. We can define this quantity by

D1~uū!5(
i

DG~Xi
uū!, ~15!

where the sum is over all statesXi
uū which contain only light

quarks. In effect,D1(uū) is the partial rate asymmetry fo
b→uūs and so we expect it to correspond to the perturba
calculation@5# of the partial rate asymmetry exchange b
tweenb→uūs andb→cc̄s.

In any case, among the family ofKp final states~2!, the
quantitiesDuū

1 andD2 do not correspond in a simple way t
a quark level perturbative calculation. This is because
terms of purely quark topologies there is no simple comp
sating process for them provided by states consisting ent
of light quarks. The long-distance rescattering effects wh
from the discussion in the last section, may be large,
provide such a mechanism. We will argue later that such
effects lead to largeCP violation of the formDuū

1 and par-
ticularly D2 which may be as big asO(20%) assumingg
.90°.

Let us now consider in very general terms some theore
which we can apply to this case to show how the symmet
of the strong interactions select which kinds of interferen
effects can contribute to eitherD1 or D2. One way of un-
derstanding theCPT cancellation is to suppose that th
Hamiltonian contains a strong piece which isCP invariant
and a weak piece with terms with different complex pha
~we will consider two different such phases here for the p
poses of illustration!:

H5Hs1Hw1eil11Hw2eil21H.c. ~16!

In this formulation we refer to the strong force as the for
which predominates in the rescattering which in the cases
will be interested in will be generated by QCD. The we
forces are those that cause the initial decay and violateCP
which in this case are electro-weak interactions. All of t
results we will consider will be to lowest order in the we
interactions.

Clearly we can therefore assume that the strong Ha
tonian does not contain any terms that allow the decay
A→X. Now if T is the weak transition matrix and we expan
it to first order in the weak Hamiltonian,

A~A→Xi !5^Xi uTuA&5Uie
il11Vie

il2

A~Ā→X̄i !5^X̄i uTuĀ&5Uie
2 il11Vie

2 il2,
~17!
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where in generalUi andVi are complex numbers and the
phasesfU

i 5arg(Ui) andfV
i 5arg(Vi) are usually referred to

as strong phases since they may be regarded as bein
result of rescattering effects of the strong interaction. Belo
we will see in more detail how the unitarity of theS matrix
relates these phases to strong effects. The partial rate a
metry is thus given~up to phase space factors! by

DG~B→Xi !524uUi uuVi usin~l12l2!sin~fU
i 2fV

i !.
~18!

In Ref. @8# it is shown that if there are only two statesX1
and X2 with partial rate asymmetries, the cancellation e
bodied in Eq.~11! can be understood through the applicati
of the Cutkoski theorem. In each case the total strong ph
results from the rescattering through all possible intermed
states. It can, however, be shown that the part of the res
tering phase differencefU

1 2fV
1 which is due to the contri-

bution tofU
1 resulting from rescattering throughX2 is equal

and opposite to the contribution tofV
2 which results from

rescattering throughX1. A similar statement applies to th
relation between contributions tofV

2 and fU
1 and thus Eq.

~11! is realized. If there are more than two states, the con
bution to the PRA of stateXi resulting from rescattering
throughXj cancels the contribution to the partial rate asy
metry of Xj resulting from the rescattering throughXi and
thus the requirement of theCPT theorem is affirmed. In this
case we will say thatXi exchanges PRA withXj .

Note that if there are more than two states, it cannot
experimentally determined in detail how much PRA is e
changed between any given pair. For instance, if there
four states, there are only four partial rate asymmetries
may be observed but there are six possible pairs of st
which may exchange PRA.

As the above description implies, it is a necessary con
tion thatXi andXj can rescatter into each other for them
exchange PRA. In this paper we wish to consider, in rat
general terms, the role that the symmetries of the strong
teractions play in the pattern of PRA exchanges betw
different final states.

Let us suppose thatR is a Hermitian operator which com
mutes with the strong HamiltonianHs and thatR is invariant
under CPT @i.e., (CPT)RT(CPT)†5R#. Then the eigen-
spaces corresponding to the various eigenvalues ofR will be
invariant subspaces underHs . The decomposition of the
various possible final states into the eigenspaces ofR will
allow us to understand which possible exchanges of pa
rate are allowed through the three theorems which we
prove below

Theorem 1.If R is an operator invariant underCPT and
@R,Hs#50 then, to first order in the weak interaction, fo
each eigenvaluer i of R, ( jDG(A→Xj )50, where the sum
is taken over eigenstates ofR with eigenvaluer i .

Proof.This theorem is a simple generalization of Eq.~11!.
To prove it let us decompose following the formalism of Re
@23# and write theS matrix as follows:

S5Ss1 iTW . ~19!
5-5
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DAVID ATWOOD AND AMARJIT SONI PHYSICAL REVIEW D 58 036005
HereSs is the strong rescattering matrix and is unitary andSs
does not connect the initial stateA to the final states so
^AuSsuA&51; TW is the first order transition matrix for th
weak interaction.

If we apply unitarity to the above expression, we obta
the standard result~where1 is the identity matrix!:

15S†S5Ss
†Ss2 iTW

† Ss1 iSs
†TW1TW

† TW . ~20!

By unitarity S†S5Ss
†Ss51 and so if we drop the last term

which is higher order in the weak interactions, we obtain

TW
† 5Ss

†TWSs
† . ~21!

If we multiply this expression on the left by a final sta
^Xi u and on the right byuA& we obtain

^Xi uSs
†TWuA&5^Xi uTW

† uA&[^AuTWuXi&* . ~22!

If we apply theCPT invariance to the right-hand side of Eq
~22! and since by assumption̂AuSsuA&51, we obtain

^X̄i uTWuĀ&* 5^Xi uSs
†TWuA&, ~23!

where the overbar indicates theCPT transform of a given
state, i.e., particles are transformed into their antipartic
with their spin degrees of freedom reversed but momen
degrees of freedom the same. This equation is identica
Eq. ~1! of Ref. @8#.

Since@R,Hs#50, @R,Ss#50 and so ifr i is an eigenvalue
of R, the space of eigenvectorsRi is an invariant subspace o
Ss . In particular, if P i is the orthogonal projector ont
Ri , @P i ,Ss#50. If G(A→Ri) is the total decay rate ofA to
states inRi then

G~A→Ri !5(
j

u^Xj uP iTWuA&u2

5^AuTW
† P iTWuA&5^AuTW

† SsSs
†P iTWuA&

5^AuTW
† SsP iSs

†TWuA&, ~24!

where the sum overj in the above indicates the sum over
complete set of states.

The corresponding decay rate for the antiparticle is

G~Ā→Ri !5(
j

u^X̄j uP iTWuĀ&u2

5(
j

u^XjP i uSs
†TWuA&u2

5^AuTW
† SsP iSs

†TWuA&

5G~A→Ri !, ~25!

which are therefore identical henceDG(A→Ri)50.
QED. This theorem is more specific than Eq.~11! in that

the PRA cancellations to first order in the weak interactio
are shown to be between states that can rescatter into
other under the strong interaction. In particular, states
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are connected by the strong interactions must share all
sible quantum numbers preserved byHs , for instance,r i as
above.

Even if there is no PRA for any eigenstate ofR, partial
rate asymmetries may still be present in states that
quantum-mechanical mixtures of such eigenstates. For th
mixed states, we can regard the PRA which will be pres
as being the result of a separate mechanism due to the i
ference of the two eigenstate channels. As the theorem be
shows, this will result in a distinctive pattern of net PR
exchange which we will refer to as compoundCP violation
since two or more eigenstates ofR must be involved. In
general both simple and compoundCP violations will be
present, however, to understand what the features of c
poundCP violation will be, let us consider the ideal cas
where no simpleCP violation is present, i.e., that for eac
eigenstateXi of R, DG(A→Xi)50.

In this case, then, letY be a general state which is
mixture of various eigenstates ofR. Let us defineT(Y) to be
the smallest invariant subspaceR which includesY. In par-
ticular, T(Y) will be spanned by$uY&,RuY&,R2uY&, . . . %,
where the space is exhausted aftern terms if Y can be ex-
pressed as a linear combination ofn eigenstates ofR(n will
be finite in all examples we will consider!. The partial rate
asymmetries which may be present in such a case is, h
ever, restricted by the following theorem.

Theorem 2.Let R be an operator invariant underCPT
and @R,Hs#50 and for all eigenstates ofR, Xi , DG(A
→Xi)50. If Y is a state which is not an eigenstate ofR and
DG(A→Y)Þ0 then Y has a net exchange of partial ra
asymmetry only with states inT(Y), where T(Y) is the
smallest invariant subspace ofR which containsY. Equiva-
lently, DG@A→T(Y)#50.

Proof. Let us denote byPT the orthogonal projector
onto the subspaceT(Y). Since it is an invariant subspace o
R, @R,PT#50 and thus for allr i , @P i ,PT#50 and in fact
P iPT is an orthogonal projector onto the subspaceT(Y)ùRi

which we will denoteTi(Y). Let the states$Xj
i % be an ortho-

normal basis ofTi(Y). These states are eigenstates ofR so by
assumption none of these final states has a partial rate a
metry. Thus

DG@A→T~Y!#5(
i

(
j

DG~A→Xj
i !50. ~26!

QED. We can also restate this theorem in terms of
expectation values for observables of the final state. In p
ticular if O is some observable we define the expectat
value ^O&5^AuS†OSuA&, ^O&̄5^AuS†OSuA&, and D^O&
5^O&2^O&̄.

Theorem 3.If O is a CPT invariant operator on the fina
state where@O,R#50 and for all eigenstatesXi of R,
DG(A→Xi)50 then the expectation valueD^O&50.

Proof. This follows if we make an eigenstate decompo
tion in terms of states that are both eigenstates ofR and ofO
~since@R,O#50). Using theCPT invariance ofO, we can
write this as
5-6
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O5(
k

lk~ uXk&^Xku1uX̄k&^X̄ku!. ~27!

Since each of the aboveXi is an eigenstate ofR, by assump-
tion the contribution toD^O& of each of the terms in the
above expansion vanishes:

D^O&5(
k

lkD^~ uXk&^Xku!&50. ~28!

QED. For our purposes, it is useful to state the abo
theorem in the following logically equivalent form:

Corollary. Let O be aCPT-invariant operator. If for all
eigenstatesXi of R, DG(Xi)50, and @R,HS#50, then
@O,R#Þ0 is a necessary condition forD^O&Þ0.

IV. EXAMPLES OF COMPOUND CP VIOLATION

In summary we may restate the implication of the abo
theorems in terms of what kinds of exchanges of PRA
possible. Thus we have the following possibilities.

~1! If X1 is a state with a definite quantum numberr i
under some symmetryR which is conserved under the stron
interactions, it can only exchange PRA with a stateX2 which
has the same quantum numberr i . We will refer to this kind
of PRA as being simple with respect toR.

~2! If no eigenstateXi of R has a PRA, then a genera
stateY can only exchange PRA with other states related t
by the application ofR. We will refer to this kind of PRA as
being compound with respect toR.

~3! In general there may be both mechanisms ofCP vio-
lation present. In this case simpleCP violation will account
for the exchange of PRA betweenT(Y) and other states no
in T(Y) while compoundCP violation can only lead to ex-
changes within the states ofT(Y).

Of course these are only necessary conditions for
presence of each kind of partial rate asymmetry; the spec
of the physical situation will determine if either of thes
kinds of PRA’s will actually be present. In this paper w
wish to emphasize that even in the case of compoundCP
violation, partial rate asymmetries can potentially be larg

Before proceeding to our main example, decays of
form B→Kp, let us consider, for instance, theCP-violating
effects discussed in Ref.@25#. Here decays such asB2

→gK* p and B2→gKp were considered. The analysis
the CP violation which is discussed in Ref.@25# may be
facilitated by labeling which instances are simple or co
pound with respect to the operatorR5Jh

2 . HereJh denotes
the total angular momentum of the hadronic part of the fi
state, i.e., theKp or K* p system.

The model adopted in that paper is that the production
the final hadronic final state is dominated by kaonic re
nances. In this model it is possible that there is a PRA
specific angular momentum states which would corresp
to a PRA of the formDG(B2→gki)Þ0 for some kaonic
resonanceki . For this to happen, though, there must be
least two states with the sameJPC which exchange PRA
which is possible for the two 111 states considered, i.e
03600
e

e
e

it

e
cs

e

-

l

f
-
f
d

t

K1(1270) andK1(1400). This is an explicit example o
simple CP violation with respect to the symmetry operat
Jh

2

It was shown@25#, however, that this effect is likely to be
quite small. In fact in theKp case it cannot occur in this
model since the decay 11→Kp is forbidden. The larger ef-
fects which may occur in this system are of the second t
where we assume that for each specific eigenstate ofJh

2 , i.e.,
for each specific kaonic resonance channel, there is no P
but partial rate asymmetries result from the interference
two such channels.

To understand the type ofCP violation which is present
in the case ofB1→gKp, let us define the angleu between
the p andg in the Kp rest frame. Clearly a final state wit
a specific value ofu is, in general a mixture of all possibl
values of Jh . Thus in accord with theorem 2 even if n
single angular momentum state has a PRA, partial rate as
metries may be exchanged from one value ofu to another.
The CP violation will thus be manifested as a difference
the distribution inu betweenB1 andB2 decays even though
the rate of decay integrated overu will be the same for both.
This would therefore be an example of compoundCP vio-
lation with respect toJh

2 .
Let us now consider the case of primary interest,CP

violation in the various instances ofB→Kp listed in Eq.~2!.
Here, the operator which provides the most useful charac
ization of various forms ofCP violation is the total isospin,
thus we takeR5 IW2.

The final observed states~e.g.,K̄0p2 andK̄2p0) are not
pure eigenstates ofIW2 but are linear combinations ofI 51/2
and I 53/2 states. We will denote these eigenstates
(Kp)1/2 and (Kp)3/2.

Following the discussion above,CP violations may cause
partial rate asymmetries among the states in Eq.~2! either as
simple CP violation in the (Kp)1/2 or (Kp)3/2 channels or
compoundCP violation due to the interference of thes
channels. SimpleCP violation thus contributes toD1 while
compoundCP violation contributes toD2.

Suppose that there is only compoundCP violation so that
D150 and D2Þ0. This would clearly mean that theCP
violation in, for instance,K2p0 is exactly compensated b

the CP violation in K̄0p2. It would be a mistake, however
to jump to the conclusion that the strong phase involved

this CP violation K2p0 is due to an intermediateK̄0p2

state and vice versa. In general, ifn states are present ther
aren(n21)/2 instances where PRA exchange is possible
n>3, observing alln partial rate asymmetries does not fi
the n(n21)/2 instances of exchanges. Thus compoundCP
violation in K2p0 could imply either that the only exchang

is with K̄0p2 or that it has some net exchange with vario

other, perhaps multibody states whileK̄0p2 has an equal
and opposite exchange with these or similar states. The
gument in Ref.@4# together with theorem 2 suggests that t
latter case would be the more likely scenario.

As we shall discuss below, it is unlikely that simpleCP
violation in (Kp)3/2 will be large, i.e., unless electrowea
5-7
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penguins are very significant or physics beyond the stand
model makes a large contribution to this decay. If simpleCP
violation is present in the (Kp)1/2 channel, there are two
possible kinds of states which PRA may be exchanged w
either states which contain acc̄ pair such asDD̄s1np
which we will refer to as charm pair states or multibo
states that do not contain acc̄ pair but only light quarks such
asK1np. The first of these is being called simpleCP type
I and the second is type II.

In the case where the PRA is exchanged withcc̄ states, it
has been argued@5# that the inclusive sum of the PRA ex
change between allcc̄ states with all light quark final state
may be estimated perturbatively as the quark level PRA
change betweenb→cc̄s and b→uūs. Models where this
contribution to the PRA ofKp states has been estimate
through simple models of hadronization@9# suggest that it
tends to be quite small, i.e.,O ~a few %! but with large
uncertainties. PRA exchange with multibody light qua
states cannot be calculated perturbatively. Furthermore
we have stressed, due to LD effects the rescattering ph
involved in B→Kp can remain large even at the high ma
of the B resulting in large PRA’s.

If the LD rescattering phases are large, another impor
consequence which we wish to emphasize in this pape
that compoundCP violation in the modes~2! is also likely to
be large. Following the reasoning in Ref.@4# it seems that
there is no simple argument which places ana priori limit on
the size of such effects. We will argue below that it is n
unreasonable to have partial rate asymmetries on the ord
O ~20%! assuming sing;1, though, again there is no rel
able way of calculating the phases that they depend on.

V. CP VIOLATION IN B˜Kp

Let us now consider the physical mechanisms which m
produce these simple and compoundCP violations in B
→Kp. To do this, we decompose the amplitudes in terms
the weak phases of the theory as in Eq.~17!. Each amplitude
is therefore expanded in terms of elements of the Cabib
Kobayashi-Maskawa matrix as follows:

A5v tAt1vcAc1vuAu ,

Ā5v t*At1vc*Ac1vu*Au , ~29!

where

v t5VtbVts* , vc5VcbVcs* , vu5VubVus* . ~30!

In this expression,A is the amplitude for a givenB̄ meson
decay andĀ is the amplitude for the charge conjugateB
decay. As is well known, the equality of the factorsAi in

both theB andB̄ amplitudes is a consequence of time rev
sal invariance of the strong interaction. Complex pha
which are present inAi are the strong phases due to resc
tering. Because of the essential nonperturbative origin
these rescattering phases it is unlikely that they may be
curately calculated.
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At the quark level,At is generated by penguin graph
with an internalt quark as show in Fig. 1~a! and related
higher order corrections. LikewiseAc is generated by graph
with an internalc quark as show in Fig. 1~b!. The amplitude
Au may be generated either by a penguin graph with a in
nal u quark as show in Fig. 1~c! or by a tree graph as show
in Fig. 1~d!. Indeed any distinction between these two kin
of contributions is artificial since the penguin graph simp
represents the strong rescattering of the tree graph to
quark (uū or dd̄) states. In addition, unitarity of the CKM
matrix implies thatv t1vc1vu50 therefore if we add an
arbitrary constant~i.e., independent of the quark mass! to
each of the amplitudesAi , i.e.,Ai→Ai1C, the physics re-
mains unaffected. Which arbitrary constant one adds
purely a matter of convention; for our purpose, we w
choose to setAt→0 so that we can write the amplitudes a

A5vcÂ c1vuÂ u ,

Ā5vc* Â c1vu* Â u , ~31!

whereÂ c5Ac2At andÂ u5Au2At .
In the approximation of the CKM matrix used in Ref.@6#

the phase difference between the CKM angles in Eq.~31! is

arg~vu* vc!'arg~2VudVub* Vcd* Vcb!5g, ~32!

whereg is the phase ofvu* in this convention. ThisCP odd
angle may combine with a strong phase difference betw
Âc andÂ u , resulting inCP-violating effects proportional to
sing.

In particular, for each of theB→Kp states let us define

s5
1

2
~Br1B̄r !, d5

1

2
~Br2B̄r !, xcp5d/s, ~33!

whereBr is the branching ratio for the case involving theb

quark while B̄r is the conjugate involving the anti-b quark
andxcp is the partial rate asymmetry~PRA! as it is tradition-
ally defined@24#. In terms of the amplitudes above, in uni
normalized to the total branching ratio of theB meson,

s5uvuÂauu21uvcÂacu212uvuuuvcuRe~ÂuÂc* !cos~g!,

d512uvuuuvcuIm~ÂuÂc* !sin~g!. ~34!

Let us now write these amplitudes in terms of their iso
pin components. Here, one must realize that the penguin
grams Fig. 1~a!–1~c! are DI 50 transitions while the tree
diagram Fig. 1~d! has bothDI 50 andDI 51 components.

The most general form of the amplitudesÂc andÂu allowed
by these isospin constraints are thus

Âc~K2p0!52A, Âu~K2p0!52B1A2D,

Âc~K̄0p2!5A2A, Âu~K̄0p2!5A2B1D,

Âc~K2p1!52A2A, Âu~K2p1!52A2C1D,
5-8
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Âc~K̄0p0!5A, Âu~K̄0p0!5C1A2D. ~35!

Here each of$A, B, C, D% is an amplitude which will in
general contain a strong phase$A, B, C% connect toI 51/2
final states ofKp andD connects to theI 53/2 final state of

Kp. The assumption thatuÂu(K̄0p2)u50 used in Ref.@13#
corresponds to

B52D/A2. ~36!

As emphasized also in Refs.@12,11# this identity can only
hold if B and D have the same phase and, indeed, th
magnitudes are required to have the same ratio as woul
the case in the absence of any large rescattering effects

Of course the description in Ref.@4# implies that this will
not be the case. On the other hand, in Ref.@14# it is argued
that the penguin topologies are an accurate enough des
tion of all QCD rescattering effects in that the phase con
butions from long-distance effects average out and such
state interaction effects only modify the magnitude by a c

stant factor. In particular they suggest thatB2→K̄0p2 will
have its magnitude altered via long-distance contributi
but will still receive no tree contribution as such.

In view of the description in terms of the isospin amp
tudes, however, this seems unlikely. First of all, the resc
tering implicit in Fig. 1~c! only affects theI 51/2 amplitudes
so if the effects were sizable in terms of even only the m
nitude then there would be a significant tree contribution

B2→K̄0p2. It is also hard to see how the phase shift in t
I 51/2 and I 53/2 could be locked together. If indeed th
phase shifts in theI 51/2 andI 53/2 fail to be the same a
would be implied by Eq.~36!, that would in turn imply at the
very least, of compoundCP violation. It seems therefore
more likely that either rescattering effects in theKp channel
of B decay are generally large, in which case both sim
and compoundCP violation would be present or else on
CP-violating effects proportional toDcc̄ are present and th

description in Refs.@10,13,14# of the decayB2→K̄0p2 is
substantially correct.

If we denote the amplitudes for the decays asm1

5A(K2p0), m25A(K̄0p2), m35A(K2p1) and m4

5A(K̄0p0) then we can write the amplitudes as

m152Avc2Bvu1A2Dvu ,

m̄152Avc* 2Bvu* 1A2Dvu* ,

m25A2Avc1A2Bvu1Dvu ,

m̄25A2Avc* 1A2Bvu* 1Dvu* ,

m352A2Avc2A2Cvu1Dvu ,

m̄352A2Avc* 2A2Cvu* 1Dvu* ,

m45Avc1Cvu1A2Dvu ,
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Consider first the amplitudes$A, B, C% @26# which gen-
erate theKp states ofI 51/2 which we will denote~for the
S521 cases! (Kp)1/2

0 and (Kp)1/2
2 ~where the superscrip

indicates the total charge!. Substituting into Eq.~34!, we
obtain the rates for decays to these states and their conjug
described by

1

3
s@~Kp!1/2

2 #5uvcu2uAu21uvuu2uB2u

12uvuuuvcuuAuuBucosg cosf2 ,

1

3
d@~Kp!1/2

2 #512uvuuuvcuuAuuBusin g sin f2 ,

1

3
s@~Kp!1/2

0 #5uvcu2uAu21uvuu2uC2u

12uvuuuvcuuAuuCucosg cosf0 ,

1

3
d@~Kp!1/2

0 #512uvuuuvcuuAuuCusin g sin f0 ,

~38!

wheref25arg(BA* ) andf05arg(CA* ).
Clearly this effect is an example of simpleCP violation.

According to theorem 1, therefore, there must be anI 51/2
state which these states exchange PRA with, whether the
cc̄ states or light quark states.

In the case ofcc̄ states we can understand what is ha
pening at the quark level@5# from the schematic Feynma
diagrams in Figs. 3~a! and 3~b!. In Fig. 3~a! we have acc̄
penguin contributing tod@(Kp)1/2# where the phase differ
ence is generated by the rescattering ofcc̄ through all pos-
sible on-shell states indicated by the cut. This is simpleCP
type I. In Fig. 3~b! we have the related diagram contributin
to d(cc̄s) through auū penguin operator; here the cut ma
include, among other states, the (Kp)1/2 state. The contribu-
tion that can be attributed to the (Kp)1/2 state is precisely the
one required to balance off the PRA in (Kp)1/2 final states.

Let us turn our attention now to the case of an interme
ate state which is composed entirely of light quarks. In t
case we must consider all states which have isospinI 51/2
~e.g., K1np or Kh81np, etc.!. An exchange of PRA in
this case~simple CP type II! will result from a difference,
f2 and f0 above, between the interaction phase of cha
penguin processes contributing toA and the predominantly
tree processes contributing toB and C. This can occur be-
cause the effective Hamiltonian for these two processe
the quark level has a different Dirac structure and so e
process will couple differently to different intermediate lig
quark states giving contributions tof2 and f0. Diagram-
matically, this is shown in Fig. 3~c!, where the hexagon rep
resents the contribution of the penguin operator to a mu

body intermediate state including a kaon~e.g.,K̄1np) and
the circle represents the tree contribution to the two bo
5-9
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FIG. 3. Quark level Feynman diagrams that contribute to
partial rate asymmetry for for simpleCP violation of type I at the

quark level, decays involvingb→uūs andb→cc̄s, andCP viola-
tion of type II at the meson level.~a! shows a penguin contribution
which generates a partial rate asymmetry in (Kp)1/2 which is
simpleCP violation of type I through the interference with the tre
diagram where the strong phase of the penguin contribution is

erated by thecc̄ cut indicated.~b! shows a contribution to the par

tial rate asymmetry forb→cc̄s through the interference of a pen
guin contribution with an internalu quark and the tree. The cut her
includesKp states and the contribution of thoseKp states will be
exactly opposite to the partial rate asymmetry ofKp in ~a!. ~c!
shows a contribution to simpleCP violation of type II where the
hexagon indicates a penguin process, the circle indicates a tree
cess, and the box indicates strong rescattering. In this case th
termediate state is a multibody, e.g.,K1np. ~d! shows the process
which compensates for the partial rate asymmetry in~c!.
03600
state K̄0p2. Since this is simpleCP violation, all of the
states will be of the same isospin, in this caseI 51/2. In Fig.
3~d! we show the compensating process which gives

asymmetry toB2→K̄1np. In the preceding pages we hav
argued that these simple type-II contributions may be la
or, at least, are not bounded in any way.

For the I 53/2 final state there can be no simple PR
since the penguin diagrams produce onlyI 51/2 final states.
Thus the total PRA summed over allKp final states is given
by the (Kp)1/2 result above. In particular,

d~K2p0!1d~K̄0p2!5d@~K̄p!1/2
2 #,

d~K2p1!1d~K̄0p0!5d@~K̄p!1/2
0 #. ~39!

Since the physical states that are actually detected are t
in Eq. ~2! which are mixtures of the isospin eigenstates, co
poundCP violation becomes possible givingD2Þ0.

To see this, consider as in theorem 2, what happens in
limit of f2 , f0→0, i.e., in the limit that there is no simpl
CP violation and all of it is compoundCP violation. In this
case,

d~K̄0p2!52d~K2p0!

5d~K̄0p0!52d~K2p1!

52A2uvuuuvcuuAuuDusin g sin F, ~40!

whereF5arg(DA* ). The equality in the first line and the
second line follow from theorem 2 while the equality of a
three lines follows from the general isospin consideratio
in particular from the fact that the penguin process here
DI 50, again ignoring the effects of electroweak pengu
processes.

The isospin structure of the strong penguin process a
determines the pattern of the simpleCP violation given in
Eq. ~38!. In particular, if only simple CP violation~i.e., F
50) is present, these equations become

d~K2p0!5
1

2
d~K̄0p2!52uvuvcusin g sin f2 ,

d~K̄0p0!5
1

2
d~K2p1!52uvuvcusin g sin f0 .

~41!

Another way of expressing the pattern in Eq.~41! is to
write it in terms ofxcp wherexcp(Xi)5d(Xi)/s(Xi), i.e., the
PRA. If we assume that the penguin processes~i.e., vcA)
dominatess then

xcp~K2p0!5xcp~K̄0p2!, xcp~K̄0p0!5xcp~K2p1!,
~42!

where if B5C then all four values ofxcp are equal.
If both simple and compoundCP violations are present

from the combination of Eqs.~39! and ~40! we find that

e
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2d~K2p0!2d~K̄0p2!2d~K2p1!12d~K̄0p0!50.
~43!

Since Eq.~43! came from assuming that the penguin co
tribution is DI 50, a violation of this relation would imply
that the light quark pair is not made in aI 50 state. If a
penguin-type process were generating such a contribu
this could mean that instead of being produced via a virt
g* the quark–anti-quark pair is produced via ag* or a Z*
through either unexpectedly large electroweak penguin p
cess or new physics penguin processes with large contr
tions. Alternatively, tree processes involving, perhaps, e
W bosons, charged or neutral Higgs scalars could also lea
amplitudes withDIÞ0 that could violate Eq.~43!.

In any case, in the context of the standard model,
important point to note is thatF is totally unconstrained by
the CPT theorem. Furthermore it is driven by LD rescatte
ing effects in theKp system so we cannot say that it
small.

VI. NUMERICAL ESTIMATES

Let us now estimate numerically the largest magnitude
CP-violating effects which might be present. For the pu
poses of this illustration, we will consider the case whe
there is no simpleCP violation but only compoundCP vio-
lation f25f050. In order to obtain such a rough estima
recall that the relations in Eq.~36! would be true if final state
rescattering were turned off. If we assume as suggeste
Ref. @12# that the main effect of such rescattering is to adj
the respective isospin amplitudes by a phase, then the m
nitudes, but not the phases, obey the relation Eq.~36!, uBu
'uDu/A2. The largestCP-violating effects would occur
when arg(AD* )'90°. Let us suppose thatB'C and define

r 5uvuÂu~K2p1!u/uvcÂc~K2p1!u. ~44!

Thus, we finduDvu /(Avc)u'(A2/5)r so that

uxcp~K2p0!u5uxcp~K̄0p0!u

52uxcp~K̄0p2!u52uxcp~K2p1!u

'A2r sin g sin F. ~45!

Thus, if we suppose thatF5g590° then ifr 50.3 @27#, the
above yields

uxcp~K2p0!u5uxcp~K̄0p0!u'0.42,

uxcp~K̄0p2!u5uxcp~K2p1!u'0.21. ~46!

As one can see, the isospin structure determines the
tern of CP violation as discussed in the last section. If t
CP violation were simple and ifB5C, xcp would be the
same for each of the four modes assuming the denomin
is dominated by the penguin process. On the other hand
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the example of compoundCP discussed above, PRA’s in

K2p0 and K̄0p0 mode are twice that in theK̄0p2 and
K2p1 modes@see Eq.~45!#.

VII. BOUNDING g FROM EXPERIMENTAL DATA

Let us now consider how information may be obtain
about g through the measurement of the rates ofB→Kp.
First let us consider what may be learned aboutg from the
two modes that have actually been recently observed~1!,

namely, B̄0→K2p1 and B2→K̄0p2. For each of these
modes let us define the following parameters which char
terize the relative magnitudes of various amplitudes:

r 5uvuÂu~K2p1!u/uvcÂc~K2p1!u,

r5uÂu~K̄0p2!u/uÂu~K2p1!u,

R5s~K1p2!/s~K̄0p2!. ~47!

In the paper@13# assumingr50 it is shown that an accurat
measurement ofR may lead to a lower bound on cosg es-
pecially if information aboutr from some other source i
known.

This bound comes about since, by isospin symmetry~the
uū anddd̄ pair from the gluon must be in anI 50 state!

Âc~K2p1!5Âc~K̄0p2! ~48!

and since it is assumed thatr50,

s~K̄0p2!5uvcÂc~K2p1!u2. ~49!

Thus the observed ratioR is given by

R511r 212r cosg cosf2 . ~50!

From the fact thatucosf2u<1 we can in this case infer tha

ucosgu>U11r 22R

2r U. ~51!

Since this bound provides a lower bound on cosg, if g is
in the first or second quadrants~which is required by consis
tency withCP violation in theKL

0), there is some anglegmax

such that onlyg<gmax andg>p2gmax are allowed. In Fig.
4 we show the allowed region forg in the first quadrant as a
function of r given the values ofR50.25, 0.65, and 1.05~as
shown by the solid curves!. The current experimental valu
is R50.6560.40. From the graph it is clear that for th
smaller values ofR there is a lower bound on cosg indepen-
dent of any information aboutr corresponding to the peak i
the curve. In fact ifR,1, then

cosg>A12R. ~52!

As pointed out in Refs.@13,27# one can argue that eve
the current data from CLEO@1# would indicate an upper
5-11
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bound onr if we assume thatB6→p6p0 is dominated by
tree processes. If this is true, then SU~3! arguments would
suggest that

r'l
f K

f p
A2s~p2p0!

s~K̄0p2!
~53!

~wherel5uc is one of the CKM parameters from Ref.@6#!.
Thus given the current bound ofs(p6p0),231025 it fol-
lows thatr &0.5. Factorization arguments in Ref.@13# sug-
gest thatr'0.2 though this estimate has considerable unc
tainty.

VIII. GENERAL BOUND IN THE PRESENCE OF LONG-
DISTANCE RESCATTERING EFFECTS

It is probably unreasonable to assume thatr→0. If, how-
ever, some argument or indirect evidence allows a bound
r to be known,r<rmax, then a bound on cosg may still be
obtained in some cases ifrmax<1. This is because

~12rrmax!
2<

s~K̄0p2!

uvcÂc~K1p2!u2
<~11rrmax!

2 ~54!

so that

U11r 22R~11rrmax!
2

2r U<ucosgu if 1 1r 2>~11rrmax!
2R,

U11r 22R~12rmaxr !2

2r U<ucosgu if 1 1r 2<~12rrmax!
2R.

~55!

FIG. 4. An example of the bounds that may be obtained og

from the observation ofs(K1p2) and s(p2K̄0) under various
assumptions as a function ofr . In all cases the allowed region i
below the curve. The solid curves correspond to the caser50 for
the values ofR50.25, 0.65 and 1.05 as indicated. The dashed cu
is the bound givenR50.65 andrmax50.3, the dotted curve is fo
R50.65 andrmax50.5, while the dot-dashed curve is forR50.65
andrmax51.
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If (1 1rrmax)
2R.11r 2.(12rrmax)

2R then there is no
bound on cosg. If rmax50.3 the bounds for various value
of R are shown in Fig. 5 with dashed lines.

There is some prospect of obtaining information about
value of r through the study of the analogous processB0

→K1K2. In this case neither a tree decay nor a peng
decay may lead to the final state quark contentuūss̄. The
tree decayb→uūd can, however, produce, for instance,
pp state that can rescatter toK1K2 and likewise a penguin

decayb→ss̄d, uūd, and dd̄d can lead to app or K0K̄0

state which may rescatter toK1K2. Thus, by comparing the

rate of B0→K1K2 to K0K̄0, p1p2, or p0p0, it may be
possible to put a bound onr. In particular ifB0→K1K2 is
much smaller than the other processes then the assumpti
Refs.@13,14# would be vindicated.

IX. CONSTRAINTS ON g VIA DIRECT CP VIOLATION
IN B˜Kp

In view of the fact that it may not be possible to derive
bound onr, it would be useful to have another way to find
bound ong. If CP violation is discovered in any of the fou
modesB→Kp ~i.e.,dÞ0) then a lower bound can be place
on sing.

To understand how this works, suppose thatg andr were
known. Then, the system of equations~34! can be solved for
a positive real value ofuvuÂuu if and only if

usin gu>
xcp

2A12xcp
2 U12r 2

r U, ~56!

wherexcp5d/s. Thus, ifg is in the first or second quadran
this bound will mean that there is a value ofgmin such that
only gmin<g<p2gmin is allowed as a function ofr . In Fig.
5 we show this bound as a function ofr in the first quadrant.

e

FIG. 5. The bounds that may be obtained ong from the obser-
vation of xcp for some modeB→Kp. Here the allowed region is
above the curves. The bound ifxcp50.03 is shown in the dashe
curve, the bound ifxcp50.1 is shown in the solid curve, and th
bound if xcp50.3 is shown in the dot-dashed curve.
5-12
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From Eq.~56! ~see Fig. 5! if r 51 there is no lower bound
on usingu. This corresponds to a situation where the peng
and tree diagrams happen to almost exactly cancel so th
small value ofg is amplified to a large value ofd due to
almost total destructive interference. Sincer is likely to be
smaller than 1, this singular configuration is probably no
problem, future experimental measurement ofpp modes to-
gether with SU~3! arguments should help to clarify what
reasonable value ofr is. If an overall upper bound on th
value of r , r<r max<1 is known, then the lower bound o
usingu for all values ofr<r min will be obtained by substitut-
ing r min into Eq. ~56!. A similar statement is true if a lowe
bound onr>r max>1 is known.

For instance, as a numerical example, if it were true t
the restriction onr of r max50.2 can be obtained, a value o
xcp50.3 would lead to the bound 50°<g<130° while if
xcp50.1 gives 14°<g<176°. One can see that to pu
bounds ong that are interesting from the perspective of t
standard model, one must have an instance ofxcp>O(0.1)
for at least one of the modes.

X. EXTRACTING INFORMATION ABOUT g
FROM DIRECT CP IN B˜Kp -LIKE MODES

Let us now consider the case where full experimental
formation about this system~2! is available. If all four
branching ratios and their conjugates may be observed,
still not, in general, possible to solve forg without making
some additional assumption. One can, however, obtain
combination

Q5uvcAusin g. ~57!

The experimental determination of the branching ratios
each of the four modes and their conjugates allows us
determineumi u and um̄i u of Eq. ~37!, i.e., eight quantities in
all subject to one constraint, i.e., Eq.~43!.

We can most easily obtain information about the amp
tudes from the observable quantities by noting that a co
mon strong phase (fD) is not soluble and by rewriting Eq
~37! in terms of the expressions

f 53e2 i ~2g1fD!vuD,

g153e2 i ~2g1fD!~vuB1vcA!,

ḡ153e2 i ~1g1fD!~vu* B1vc* A!,

g2523e2 i ~2g1fD!~vuC1vcA!,

ḡ2523e2 i ~1g1fD!~vu* C1vc* A!,
~58!

where fD5arg(D) so f is real andgi and ḡi are general
complex numbers which satisfy

g11g22ḡ12ḡ250. ~59!

We then obtain
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3um1u5u2g11A2 f u, 3um̄1u5u2ḡ11A2 f u,

3um2u5uA2g11 f u, 3um̄2u5uA2ḡ11 f u,

3um3u5uA2g21 f u, 3um̄3u5uA2ḡ21 f u,

3um4u5u2g21A2 f u, 3um̄4u5u2ḡ21A2 f u.
~60!

These equations may be solved to obtain the complex va
of gi , ḡi , as well as the real numberf , though the solutions
will have some discrete ambiguities since they require
solution to polynomial equations.

The quantityQ may thus be expressed as

Q5uvcAusin g5ug12ḡ1u/6. ~61!

Furthermore, fromg1 andḡ1 we may also discover if there i
indeed a strong phase differenceF5arg(DA* ) because

F5arg@ i ~g12ḡ1!#. ~62!

In addition we can learn the phase ofuB2Cu since

1

3
ug11g2u5~B2C!uvuu. ~63!

The simple point is that there are seven independent qu
tities that are measured since the eight values ofumi u and
um̄i u are subject to the constraint Eq.~43!. On the other hand
the right-hand side of Eq.~58! depends on eight unknowns
g, uvcuRe(A), uvcuIm(A), uvuuRe(B), uvuuIm(B), uvuuRe(C),
and uvuuIm(C) ~note that the observables do not depend
an overall strong phase, here taken asfD). Thusg cannot be
determined from these equations.

However, if we know the value ofr we may obtain the
ratio

r B5uB/Du5UA2r263r1A2

122r2 U, ~64!

where the6 in the above represents a twofold ambiguit
From this

g5arg@~12 il!g12~12 il!ḡ1#, ~65!

wherel is one of the two solutions to

u~11 il!g11~12 il!ḡ1u52 f r B . ~66!

In the above we assume that the decays ofB0 are self-
tagging and so oscillation effects need not be taken into

count. This would not be true forB̄0→K̄0p0, however, in
the analogous case where theK0 is replaced with theK0*
which decays to a chargedK6 the decay chain will be self-

tagging. Thusd(K̄* 0p0) may be determined through th

comparison of the decay chainB̄0→K̄* 0p0→K2p1p0 to
B0→K* 0p0→K1p2p0.
5-13
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In the case where the decay is not self tagging such

B̄0→K̄0p0 or B̄0→K̄0r0, we can still carry out the analysi
through the use of Eq.~43!. Consider, for instance, the cas

B̄0→K̄0p0. In this case oscillation effects will not alter th

observed value ofs(K̄0p0) while d(K̄0p0) may be obtained
through Eq.~43!.

Of course, using this equation assumes the isospin st
ture due to the presence on the quark level of only the
and strong penguin diagrams. In order to confirm this o

can independently check the value ofd(K̄0p0) by factoring
in the oscillation effects. Let us consider the experimen

situation as it exists at ane1e2 collider where aB0B̄0 pair is
-

r

s
od
e
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produced, one of the pair undergoes a tagging decay and
other one decays~for instance! to Ksp

0. Here we will con-
sider the situation where the times of the decay cannot
determined~as would likely be true forKsp

0) and so we
consider only time integrated quantities.

Let us denote a tagging decay that indicates aB0 meson
~such ase1nD2) by B0→tag and a tagging decay that ind

cates aB̄0 meson~such ase2n̄D1) by B̄0→taḡ. If we des-
ignate the neutralB meson that undergoes the tagging dec
asB1 and the neutralB meson which undergoes the decay
Kp asB2 then we can define the following observable tim
integrated quantities:
1

2
ŝ~Ksp

0!5
1

2
@Br~B̄0→Ksp

0!1Br~B0→Ksp
0!#,

1

2
d̂~Ksp

0!5
Br~B1→tag;B2→Ksp

0!2Br~B1→taḡ;B2→Ksp
0!

Br~B1→tag!1Br~B1→taḡ!
. ~67!
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These may be related tos andd via

ŝ~Ksp
0!5s~K̄0p0!,

d̂~Ksp
0!5

1

11xd
2d~K̄0p0!, ~68!

wherexd5DmB /GB .
Thus if ŝ(Ksp

0) and d̂(Ksp
0) are observed experimen

tally, the quantitiess(K̄0p0) and d(K̄0p0) may be found
from Eq.~68! which gives usum4u andum̄4u. The analysis for
extractingQ then proceeds as given above. For theB0, the
experimental value forxd is about 0.73 hence the facto
1/(11xd

2) in Eq. ~68! is about 0.65.

XI. SEVERAL SHOTS AT LARGE DIRECT „COMPOUND…

CP VIOLATION

It is important to understand that because of theorem
the partial rate asymmetries inB→Kp that are driven by LD
rescattering effects leading to compoundCP violation can-
not cancel with similar PRA’s in theB→K* p system, for
instance. Since, as a rule, we should anticipate LD effect
cause possibly large, unpredictable, phases in all such m
@see Eq.~3!# therefore experimentally we get several ind
pendent shots at the consequences of large directCP viola-
tion by searching for all of these modes. We note, in pass
2,

to
es

-

g,

in this context that large final state rescattering phases h
been seen inD→Kp, K* p, and inKr @16#.

XII. CONCLUSIONS

Traditional discussions of directCP violation in B decays
@9,28# have been centered around that emerging from
absorptive part of the penguin graph@5#. We are labeling this
‘‘simple CP violation’’ as, for b→s transitions, it involves
DI 50 effective interaction only. SimpleCP violation of
type I entails partial width cancellation againstcc̄ states
whereas for type II the cancellation is with light quark sta
which contribute through final state interactions@4#. Long-
distance rescattering effects can cause another brand ofCP
violation, ‘‘compoundCP violation,’’ involving mixtures of
eigenstates of isospin. We have discussedCPT constraints
governing the PRA’s in the various cases. In particular,
pattern of asymmetries inB→Kp modes in these cases
quite different.

We have also examined the repercussions of the lo
distance rescattering effects for constraints on the CK
angleg. Since atmB LD rescattering effects inB→Kp-like
modes are unlikely to be small they need to be taken i
account. Full experimental information in theKp helps in
deducing useful constraints ong. Since PRA due to com-
pound CP violation in B→Kp cannot cancel with those
~say! in B→Kr, each class of these final states would exhi
PRA dictated by the corresponding rescattering effects in
respective channel.
5-14
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PRA’s from different sources ofCP violation, discussed
herein, are additive. Thus in some of these modes the
PRA will be bigger than that only due to compoundCP
violation, for example, in other cases, due to partial canc
lations, it could be smaller.

Note added: In the final stages of preparation of this pap
we became aware of a few recent works that discuss som
at

,

,
,

od

l.
.

hy

y

y

9

.

03600
et

l-

r
of

the same issues as this paper@29#.
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