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We consider the strong rescattering effects that can occur in decays sBeh s, K* 7, Kp, ..., and
their impact on directCP violation in these modes. First we discuss, in general, howQRel theorem
constrains the resulting pattern of partial rate asymmetR&A’s) leading to different brands of dire@P
violation. Traditional discussions have centered around the absorptive part of the penguin graph which has
Al=0 in b—s transitions and as a result causes “simpleP violation; long-distance final state rescattering
effects, in general, will lead to a different pattern@P violation: “compound” CP violation. Predictions of
simple CP violation are quite distinct from that of compou@P violation. Final state rescattering phases in
B decays are unlikely to be small possibly causing large comp@irdiolating partial rate asymmetries in
these modes. ThEPT theorem requires a cancellation of PRA’s due to compaoQidviolation among the
K states themselves; thus there can be no net cancellation with other states Ktieh &, etc. Therefore,
each class of such modes, namddyr, Kp, K* 7, Ka,, etc., can have large dire€P violation emanating
from rescattering effects. Various repercussions for the apglee also discussefiS0556-282198)06215-§

PACS numbsd(s): 11.30.Er, 13.25.Hw

I. INTRODUCTION how such large effects may come about consistent with the
constraints of th&€ PT theorem. Applying this in the specific
case ofkK 7 final states, we shall see that to have large partial
rate asymmetrie€PRA’s) there must be a significant amount

Recent evidence from CLEQ1] indicates that the long
sought after penguin dominated decaB8—K* 7~ and
B*—K°%r" occur with branching ratiosg;) on the order of

1075 of inelastic rescattering with other ligké.g.,K+n7r) states
[4]. In particular, it is required that in the case®f decay
B,(B°—K ™ 7")=1 5+ 0.5+ 0'1+O 1x 1075 the processb—uus contribute to the final state®z~
' T—04-017" ' (which has a different quark content, i.dds). These strong
rescattering effects may not in general be reliably calculated,
B,(BJ’HE%‘):Z.SJF LI+ 0'2i0.2>< 1075, but there are good reasons to believe that at the scale of the
—-1.0-0.2 B mass their contributions are unlikely to be small.
(1) CP violation emerging from these LD rescattering effects

where both modes have been averaged with their conjugatei§. rather distinct from those governing the effects of penguin

Using the short-distand&D) Hamiltonian[2], there have transitions, Wlh'ctr;] h?\ﬁ been t[]he ];C.)CUIS tOft d|src1:uszllc2)n for
been several recent theoretical calculati@]of such exclu- _rpk?ny yea{ts. n fef at er C?ﬁe the |rr:a gﬁesd tavt t. that
sive modes. While these calculations are rather unreliable, '€ réScattering eriects, on the other nand, iead (o states tha

re mixtures ofl =1/2 and 3/2.CPT consideration along

the relative contributions to these processes from penguiﬁ_ o . )
and tree graphs suggest that penguin operators, h.e with unitarity of theS matrix lead us to categorize these as
'« traaiWo brands ofCP: simple CP and compoundC P violation.

—sg*, will be the dominant contributors. Nonetheless, tree’" - X G
e W* — Idb . tant feat It is also useful to further subdivide simp&P violation into
Processes, I.eg— W= U— Uus could be an important 1eature ., cateqories type 1 and type I, to be defined below. The

of these decays through, for example, interference EszeCt5artial rate asymmetry cancellations in the various cases are

with the_ penguin amplituc_ies._ . quite different with rather distinctive experimental predic-
In this work we will primarily explore the possibility of tions

relatively large directCP violation driven by long-distance In : i (G - :
; . : ) particular,C P violation (i.e., simpleCP type ) driven
(LD) rescattering effects in any of the following modes: by penguin transitions] (i.e., Al =0) may be regarded as a

B~ K 7 B~ Ko7~ partial rate asymmetry of the quark level deday: uus. In
’ ' this case the partial rate asymmetry cancels Wwithccs. At
B'LK 7" BO—KO70. ) the meson level this leads to a cancellation betwees

states such al§ = andccs states such aBD+nr. On the
In order to understand ho®P violation will manifest itself ~ other hand, simpleCP violation (type Il) arising from
in these modes, we first prove general theorems that shovescattering effects, such as in Rf], lead to cancellations
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FIG. 1. Lowest order Feynman diagrams for various quark level processes which I&sd Kar. (2) A penguin diagram with an
intermediate quark.(b) A penguin diagram with an intermediatequark.(c) A penguin diagram with an intermediatequark.(d) A tree

graphb— uus. In graphs(c) and(d) cuts are shown where there can be intermediate on-shell states.

between mesonic states of light quark content; for instance,ayed. However in the caB®— K°*  followed by the sub-

Kar cancels againd{ + ns. Finally compoundC P violation ox _ . i
is the result of interference between different isospins angequent decal(™ —K -~ the final state could only come

can only result in a cancellation of partial rate asymmetryffom aB’.
between different charge exchange modes, for exanile,

— K~ 70 cancels again®8 ™ — K%z . Il. QUARK LEVEL PROCESSES

Using these interference effects we will then try to obtain
information about the angle of the Cabbibo-Kobayashi- _ L ;
Maskawa(CKM) matrix. Bounds ony may be deducible same four quark level processes depicted in Fig. 1. Figures

either assuming no LD rescattering effects or by assuming &(@—1(C) represent penguin processes all of which mediate
specific value for such effects. the decayp— uus(dds). Figure 1d) is a tree process which

It is important to note that while our discussion is largely also givesb— uus.
in terms of K, it applies more generally to similar states  Each of these quark level processes will take place in a
which involve only one amplitude. This would include all meson where thé quark is combined with a lighti or d
decays to a kaonic resonance and an isospin 1 meson Whe(ﬁﬁark to form aB~ or B® meson. For definiteness, we take
one of the two is a scalar or a pseudoscalar, for instance, ihe final state to b& 7 so that we have one of the decays in
Eqg. (2) though the generalization of our discussion to the

In all of our subsequent discussion, we will be probing the

B—K*m, Kp, K17, Ka;, K(0)p, modes in Eq(3) is straightforward.
Of primary concern to us is the possibility GfP viola-
K(0")m, Ka,, K*a,, etc. 3 tion due to the interference of these diagrams. Indeed in the

phase convention of Ref6] Figs. 1c), 1(d) have a weak

In the case of compoun@P violation, theCPT theorem phase ofy with respect to Figs.(® or 1(b). In order to have
dictates that partial rate asymmetries arising from LD chargé€ P violation manifested in the interference between these
exchange rescattering effects in te system cannot cancel graphs, however, it is also necessary that there be a strong
against those of th&* v system(for example. Thus each rescattering phase.
such class of final state can independently have large direct As pointed out in Ref[5] one form of rescattering phase
CP violation emanating from long-distance rescattering ef-which exists at the quark level arises in Figb]L In this case
fects. if the invariant mass of thau is larger than ., the indi-

Note also that the PRA's from each of the three sourcegaieq cut through thec intermediate state will lead to an
mentioned in the_above discussion are gddmve. This meang,aginary part for this diagram. The diagram in Fidc)l
that the net PRA in some of the modes given above would bgich is the higher order contribution to the rescattering in
numerically bigger than that due only to compouD® vio- - Fig 1(d) will likewise generate an absorptive phase. How-
lation, for example; whereas in other cases it would b&yer, as discussed in the context of perturbation theory in

smaller, as a result of partial cancellations. Ref. [7] and more generally in Ref8], the CPT theorem
Some of these modes have the useful property that the . L= — -
revents the diagonal rescatterimg— uu from contributing

kaonic state is self-tagging in the case_where all the meso 0 CP-violating asymmetries at the quark level. In addition

are neutral. For instance, in the decB§—K° it is not  this particular higher order correction is likely to be numeri-
possible to tell directly whether B® or a B? initially de-  cally a small contribution to the amplitude.
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- (o) In particular, as was also pointed out in Rgf2], in order

B for the tree not to contribute to th&®#~ final state, there
— would have to be a remarkable coincidence of such long-
P distance rescattering effects adjusting both the isospins
o N——  _ =1/2 andl =3/2 by multiplying them by the same magni-

T T tude and phase. Unless the long-distance rescattering phases
are vanishingly small it is highly implausible that such ef-
fects are independent of isospin.

— — Indeed, there is an analogous situatiorDirdecayd16],

— K ——nmn where a similar set of isospin amplitudes govern the Cabibbo
B —o allowed decayD — K. Here there are two isospin ampli-
K tudesTy, and T4, in terms of which the decay amplitudes
0O are
7° K

+ +10\ —
FIG. 2. Examples of meson level diagrams for the rescattering A(DT—m K= \/§T3/2’

~ os i s

of aK™ 7" final state to the final state™ K". A(DO—>7T+K7):T3/2+ \/§T1/21
In the papel{9] a model for the contribution of the res-

cattering effects of Fig. (b) to CP violation in B—K is A(D°— 7OK0) = V2T 3= Ty (4)

considered and it is found that the resulting asymmetries are

only a few percent, although it must be kept in mggithatUSing the branching ratios from Ref. [17]

these calculations have significant uncertainties. In " 10 o o o= 0

K, KK, andw final states were considered in the context\/r(D —m K%)/T(D%)=0.104,\T(D ="K )/T(D)

of an SU3) analysis which, as pointed out in Refé1,17  =0.196, and \/F(DOH 7°K®)/I'(D°%)=0.149 from which

implicitly assumed that long distance rescattering of the finabne can solve fofarg(T1/,T3,)|~86° [18].

state was small. Specifically, in R¢L0] it was assumed that Another example of ©° decay which shows how long-

the tree graph, Fig. (), could not contribute to the decay distance effects can effectively annihilate apg pair into
B~ —K%r. another isD%— KK [19]. In the usual singly Cabibbo sup-

'If one accepts' this assumptipn, there is an important impressed charm decay-ssu, the final quark content of such
plication concerning the extraction of the CKM parameger 2D° decav isuusswhich can only formK * K~ and so some
from experimental data. As is suggested in Réaf], the y y

isospin amplitudes extracted from the relations of R&@]  rescattering must be involved in the formation of #eK°

imply that given the total rates for the decays in B3}, even  state. The branching ratio

if one ignoresC P-violating information(by adding each de- o

cay rate to its charge conjugat®ne can place a bound on B,(D°—K°K?)

the CP odd angley which under some conditions may be W’“(B 5
- - C . . ((DY—KTK™)

quite restrictive when compared with other experimental

bounds ony. In Ref. [13] an mter_estmg sgggestlon s made indicates that such effects are prominent. It is important to

(as will be discussed belgvthat with experimental data only ) D Sy

slightly more precise than the current dd®, an upper emph'aS|ze that the annlhllat|OULQ—>dd) in the aboye pro-

bound on the value of sty could be established which C€SS IS through I_ong-dlstance effects a_nd cannot, in general,

would likely be fairly restrictive if the actual rates are similar P€ c@lculated reliably through perturbation theory. Therefore,

to the current central values. Unfortunately this bound isn the analogous deca§ —K°m~ we must seriously con-

based on the assumption, similar to REEQ] that either sider the possibility that the tree graph has a substantial con-

long-distance rescattering effects are not important or that afribution to the final state which cannot be estimated by

amplitudes are affected by such rescattering according to short-distance perturbative methdds$].

constant factof14]. We believe there is good reason to think  One might hope that since the energies inBheéecay are

that this assumption may not hold. much larger than irD, the rescattering effects through any
Consider, for instance, the meson level Feynman diagiven channel may be greatly reduced. It has, however, been

grams in Fig. Z15]. If one naively calculates this diagram, suggested in Ref4] that there are in fact many multibody

because of the essentially massless meson exchangetin thintermediate states which may contribute to the rescattering

channel, one obtains an answer which does not make senpeocess and they argue that the cumulative effect of all such

in the context of perturbation theory since contributions be-states does not decrease witl .

come so large that perturbation theory is not trustworthy. In  The argument of Refl4] is essentially as follows. First,

particular one obtains the result that the loop contribution i§rom the optical theorem one can relate the forward scatter-

larger than the initiaB— K 7= amplitude. This would suggest ing amplitude ofK# to the total cross section fdf 7

that the LD rescattering phases are unlikely to be small un-

less there are large cancellations. IM[ Mk »—k+(S,t=0) |~so(K). (6)
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It is reasonable to assume thatK =) follows the phenom- (where we will useA generally to mean the difference be-
enological scaling law of other total hadronic cross sectionsween a quantity and it€P conjugate if AT'#0 CP is

[4,20,21: clearly violated butCPT need not beCP violation of the
form in Eq. (10) is referred to as a partial rate asymmetry.
(8)=X(/0)* %+ Y(s/50) "> (7)  Clearly, if CPT is not to be violated, all of the different
partial rate asymmetrig®4]| present in a given decay must
where 50~1 GeV2 From this it follows that the above cancel. Thus there must exise2 Stateqxll . ,Xn} such
imaginary part of the amplitude scales similar to that
Im(M) o st (8) .
21 AT(A—X;)=AT'(A)=0. (11)
<

If we now assume that the behavior of the amplitude
as a function oft for t<0 is an exponential decrease!
«exp(—b|t|]) (whereb~0.25 GeV ?) then it can be shown

: ; _ 270.08 ;
that the imaginary part af(B— wK) e (Mp) ™ just from there is a partial rate asymmefifyRA) in these modes, they

Integrating over thek 7 mte_rmedlate states. Whgn taking must exchange PRA with some other state and indeed, the
into account a more detailed argument involving Regge

theory in the rescattering this is modified only slightly to state which it exchanges PRA with will depend fundamen-
M(B— K)o (M2)*%In(M2/s,). The point is that there is tally on the mechanism which gives rise to the PRA in the

, _ B/, first place.
little scaling withMg . _ o _ The stateB~ — K~ 7° may exchange partial rate asymme-

que the_ amplitude for the elqstlc scat_terling is domlnateqry in (at least two specific ways. First, there may be some
by the imaginary part of the amplitude, unitarity of the strong - 0 o -
S matrix can be shown to imply that rescattering throughnet exchange of the two s_ta}&sow andK"™ with some
other states, such &+ ns will give an even bigger contri- other states and/or PRA i~ a" may balance against the
bution to the strong phase 8f— K= than the elastic rescat- PRA in K% ~. We can characterize these two possibilities
tering channel. Thus the elastic rescattering will be large antith the quantities
the inelastic rescatterin@2] will be even larger giving rise _
to a totally incalculable rescattering phase which could well A*(BT)=Al'(B =K 7% +AT (B~ =K% "),
be appreciable even at the scateg) of the B mass. Again, o
it is important to note that the large contributions to the A7 (BT )=AT'(B =K 7% —Al'(B"—K%).
rescattering amplitude assessed here cannot be estimated via (12
perturbation theory. -

In the following sections, we consider the impact of suchSimilarly, for the case of th&° we have
large phase shifts on the forms 6fP violation which can _ _ _
occur inB—Kar. In particular the proportion o€ P viola- AT (B%)=AT (B’ =K #%)+AI'(B°—K%#?),
tion in pairs of charge exchange modesg.,K°7~ versus — — -
K~ °) tells us about the nature of the rescattering processes A~ (B%)=AT'(B*—K™7")—AT(B°—K°7?).
involved. First though, let us consider the implications of the (13
CPT theorem in a very general situation where some sym
metry of the strong interaction is present.

Let us start by considering the specific casé3of decay,
i.e., B"—K 7% and B-—K%r~. As explained above, if

We will refer to C P-violating effects which caus& ™ +#0 as
“simple CP violation” since, as we shall see, in this case

the exchange is between states of the same isospin @ile
. IMPLICATIONS OF THE ~ CPT THEOREM: SIMPLE violation which causes\~#0 we will refer to as “com-

AND COMPOUND CP VIOLATION poundC P violation” since it can only result from the inter-
The CPT theorem is an important prediction of relativis- ferénce of two different isospin stateGP violation which

2ve o N
tic quantum field theoryi23] and indeed all experimental MaintainsA™=0 is pure compound CP violatioin general,
information to date affirm thaC P T is an exact symmetry of OWeVer, it would be expected that both simple and com-
nature[23]. An important consequence of this theorem isPoUNdCP violations would be present.

hat th Id f ideand | inarticle There is a further distinction among the states which com-
;rgti:j:n:i(?;' ecay rate of a partidleand its antipartic pensate forA™, namely, that portion which is exchanged

with other final states containing only light quarks and that
portion which is exchanged with states containiigsuch as
DD¢+nm. Let us defineA - to be that portion ofA* ex-
It does not, however, follow that the partial decay rate tochanged with other light quark states suclKasn andA:;

a specific final staté’(A—X) is the same as it€P conju- {9 pe that portion exchanged with states containingca
gateI'(A—X). In fact, defining Thus, we can write

T(A)=T(A). 9

AT(A—X)=T(A—X)—T(A—X) (10) AT=AHA (14)
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For convenience, we are subdividing simi@d® violation  where in general; andV; are complex numbers and their
further. The case&c%;ﬁo is being dubbed type |, whereas phasesp,=arg(U;) and¢,=arg(V;) are usually referred to

* ; oA T + as strong phases since they may be regarded as being the
A ;70 is type Il. The quantitied -andA __are not, how- 9p y may g 9

ever, separately experimentally observable. On the otherlesu“. of rescattering effe_cts of the strong Interaction. B.’EIOW’
e will see in more detail how the unitarity of ttf&ematrix

hand, the net exchange between all light quark states and X

L= . — relates these phases to strong effects. The partial rate asym-
states containingc which we denoteA ™ (uu) can be ob- metry is thus giver(up to phase space factpiisy
tained from experiment. We can define this quantity by

B B AT (B—X;) = —4|Uj||Vi|sin(A; = \)sin( by — ¢l)).
AT (uu)=2, AT (X, (15) (18)

In Ref.[8] it is shown that if there are only two stat¥s

where the sum is over all statﬁﬁawhich contain only light and X, with partial rate asymmetries, the cancellation em-

T . bodied in Eq(11) can be understood through the application
quarlg. In effectA™(uu) is the partial rate asymmetry for of the Cutkoski theorem. In each case the total strong phase

b—uus and so we expect it to correspond to the perturbativgegyits from the rescattering through all possible intermediate
calculation[5] of the partial rate asymmetry exchange be-giates. It can, however, be shown that the part of the rescat-
tweenb—uus andb—ccs. tering phase difference,— ¢y which is due to the contri-

In any case, among the family &f final states(2), the  pution to ¢}, resulting from rescattering througty, is equal
quantitiesA ;andA™ do not correspond in a simple way to and opposite to the contribution Z which results from
a quark level perturbative calculation. This is because irrescattering througiX,. A similar statement applies to the
terms of purely quark topologies there is no simple compenrelation between contributions 2 and ¢, and thus Eq.
sating process for them provided by states consisting entirely1 1) is realized. If there are more than two states, the contri-
of light quarks. The long-distance rescattering effects whichpution to the PRA of staté&; resulting from rescattering
from the discussion in the last section, may be large, dahroughX; cancels the contribution to the partial rate asym-
provide such a mechanism. We will argue later that such LOnetry of X; resulting from the rescattering through and
effects lead to larg€ P violation of the formA:U and par-  thus the requirement of th@ P T theorem is affirmed. In this
ticularly A~ which may be as big a®(20%) assumingy ~ case we will say thak; exchanges PRA witiX; .
=90°. Note that if there are more than two states, it cannot be

Let us now consider in very general terms some theoremexperimentally determined in detail how much PRA is ex-
which we can apply to this case to show how the symmetrieshanged between any given pair. For instance, if there are
of the strong interactions select which kinds of interferencgour states, there are only four partial rate asymmetries that
effects can contribute to eithée* or A~. One way of un- may be observed but there are six possible pairs of states
derstanding theCPT cancellation is to suppose that the which may exchange PRA.
Hamiltonian contains a strong piece whichGs invariant As the above description implies, it is a necessary condi-
and a weak piece with terms with different complex phasegion thatX; and X; can rescatter into each other for them to
(we will consider two different such phases here for the purexchange PRA. In this paper we wish to consider, in rather

poses of illustration general terms, the role that the symmetries of the strong in-
teractions play in the pattern of PRA exchanges between
H=H+H €M+ H e 2+ H.cC. (16)  different final states.

Let us suppose th& is a Hermitian operator which com-
In this formulation we refer to the strong force as the forcemUtes with the strong Hamiltoniai; and thaiR is invariant

. T T_ . _
which predominates in the rescattering which in the cases WgnderCPT [i-e., (C.:PT)R (CPT.) _R].' Then the eigen
will be interested in will be generated by QCD. The weak SPaces corresponding to the various eigenvaluéswill be

forces are those that cause the initial decay and vidld®e mvgriant sub_spacgs undé{s._ The decpmposition of.the
which in this case are electro-weak interactions. All of the/a/oUS possible final states into the eigenspaceR ofill

results we will consider will be to lowest order in the weak allow us to understand which possible exchange_s of partl_al
interactions. rate are allowed through the three theorems which we will

; below
Clearly we can therefore assume that the strong HamilPT0V€ . . .
tonian does not contain any terms that allow the decay oE Theorem 1If R is an operator invariant und@PT and

A—X. Now if T is the weak transition matrix and we expand R,HS]'=O then, to first order in the weak interaction, for
it to first order in the weak Hamiltonian, each eigenvalug; of R, 3;AI'(A—X;) =0, where the sum

is taken over eigenstates Bf with eigenvaluer; .

Proof. This theorem is a simple generalization of Etfl).
To prove it let us decompose following the formalism of Ref.
[23] and write theS matrix as follows:

A(A—= X)) =(X;|T|A)=U;e*1+ Ve

AA=X)=(X[TIA)=Ue M1+ Vie ™,
7 S=S+iTy. (19
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HereS; is the strong rescattering matrix and is unitary &d are connected by the strong interactions must share all pos-
does not connect the initial sta# to the final states so sible quantum numbers preserved By, for instancey; as
(A|S{|A)=1; T is the first order transition matrix for the above.

weak interaction. Even if there is no PRA for any eigenstate Rf partial
If we apply unitarity to the above expression, we obtainrate asymmetries may still be present in states that are
the standard resul{tvherel is the identity matrix quantum-mechanical mixtures of such eigenstates. For these
mixed states, we can regard the PRA which will be present
1=S'S=SIS~iT}Sc+iSITyw+ T Tw. (200 as being the result of a separate mechanism due to the inter-

I + ) ference of the two eigenstate channels. As the theorem below
By unitarity S'S=S;S;=1 and so if we drop the last term ghows, this will result in a distinctive pattern of net PRA
which is hlgher order in the weak interaCtionS, we obtain exchange which we will refer to as Compouﬁcp violation
since two or more eigenstates Bf must be involved. In
general both simple and compoui@P violations will be
present, however, to understand what the features of com-
pound CP violation will be, let us consider the ideal case
where no simpleCP violation is present, i.e., that for each
(X [SITWAY= (X TRA)=(AITwlX)*. (2 eigenstate of R, AT(A—X) =0. -
In this case, then, le¥ be a general state which is a
If we apply theC P T invariance to the right-hand side of Eq. mixture of various eigenstates Bf Let us defineZ(Y) to be

Th=SITyS!. (21)

If we multiply this expression on the left by a final state
(Xi| and on the right byA) we obtain

(22) and since by assumptigi\|Sg|A)=1, we obtain the smallest invariant subspaRewhich includesY. In par-
B ticular, 7(Y) will be spanned by{|Y),R|Y),R?|Y), ...},
<Z|Tw| A :<Xi|SlTW| A), (23)  Where the space is exhausted afteterms if Y can be ex-

pressed as a linear combinationrogigenstates oR(n will
where the overbar indicates ti@PT transform of a given be finite in all examples we will considerThe partial rate
state, i.e., particles are transformed into their antiparticle@symmetries which may be present in such a case is, how-
with their spin degrees of freedom reversed but momenturever, restricted by the following theorem.
degrees of freedom the same. This equation is identical to Theorem 2Let R be an operator invariant und€PT
Eq. (1) of Ref.[8]. and [R,Hs]=0 and for all eigenstates dR, X;, AI'(A

Since[R,H,]=0,[R,S,]=0 and so ifr; is an eigenvalue —X;)=0. If Y is a state which is not an eigenstateFond
of R, the space of eigenvectdR is an invariant subspace of AI'(A—Y)+#0 thenY has a net exchange of partial rate
S;. In particular, if IT; is the orthogonal projector onto asymmetry only with states irf(Y), where 7(Y) is the
Ri, [II;,S:]=0. If '(A—7R;) is the total decay rate & to ~ smallest invariant subspace Bfwhich containsY. Equiva-
states inRk; then lently, AT[A—7(Y)]=0.

Proof. Let us denote byll; the orthogonal projector
onto the subspac®Y). Since it is an invariant subspace of
R, [R,II/=0 and thus for alfr;, [II;,II]=0 and in fact
IT,ITis an orthogonal projector onto the subsp@teé) NR;
= (A|TWIL Ty|A) = (A THSSIT Ty|A) which we will denoteZ;(Y). Let the state¢X;} be an ortho-

_ + + normal basis of/;(Y). These states are eigenstateRao by
=(AITWSILS TwlA), (4 assumption none of these final states has a partial rate asym-
metry. Thus

F(A—>Ri)=; [OXG T Tl AY|2

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

The corresponding decay rate for the antiparticle is .
P g Y P AT[A-T(Y)]=2 X AT(A—X)=0.  (26)

— _ _ 1 ]

F(AHRi>=$ (X T Tl A)|2

QED. We can also restate this theorem in terms of the

_ + 2 expectation values for observables of the final state. In par-

_; |<XiHi|SSTW|A>| ticular if O is some observable we define the expectation

o : value (O)=(A|STOS|A), (0)=(A|STOS|A), and A{O)

_<A|TWSsHiSsTW|A> =<O>—<O>

=I'(A—TR)), (25) Theorem 3If O is aCPT invariant operator on the final
state where[O,R]=0 and for all eigenstateX; of R,

which are therefore identical henad” (A—R;)=0. AT (A—X;)=0 then the expectation valug{O)=0.
QED. This theorem is more specific than Edl) in that Proof. This follows if we make an eigenstate decomposi-

the PRA cancellations to first order in the weak interactiondion in terms of states that are both eigenstateR ahd ofO
are shown to be between states that can rescatter into ea@tince[R,0]=0). Using theCPT invariance of®, we can
other under the strong interaction. In particular, states thawrite this as
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K1(1270) andK;(1400). This is an explicit example of

OZ; Ml X (X + X (X)) - (27 simple CP violation with respect to the symmetry operator
3
Since each of the abovg is an eigenstate d®, by assump- .It was shown 25], .however, that this effect is Iikely to pe
tion the contribution toA(©) of each of the terms in the quite small. In fact in theK# case it cannot occur in this
above expansion vanishes: model since the decay"1-K is forbidden. The larger ef-

fects which may occur in this system are of the second type

where we assume that for each specific eigensta.ﬂﬁ ate.,
A(@-EK: MA{(Xi (X)) =0. (28 for each specific kaonic resonance channel, there is no PRA

but partial rate asymmetries result from the interference of

QED. For our purposes, it is useful to state the abovelWo such channels.
theorem in the following logically equivalent form: To understand the type @P violation which is present
Corollary. Let © be aCP T-invariant operator. If for all in the case oB" — yK, let us define the anglé between
eigenstatesX; of R, AI'(X;)=0, and [R,Hg]=0, then thew andy in the K= rest frame. Clearly a final state with

[O,R]#0 is a necessary condition far{O)+0. a specific value o# is, in general a mixture of all possible
values ofJ,,. Thus in accord with theorem 2 even if no
IV. EXAMPLES OF COMPOUND CP VIOLATION single angular momentum state has a PRA, partial rate asym-

metries may be exchanged from one valuefdb another.
In summary we may restate the implication of the aboveThe CP violation will thus be manifested as a difference in
theorems in terms of what kinds of exchanges of PRA arghe distribution ind betweerB™ andB™~ decays even though
possible. Thus we have the following possibilities. the rate of decay integrated ovewill be the same for both.

(1) If Xy is a state with a definite quantum number  This would therefore be an example of compou®# vio-
under some symmetfi which is conserved under the strong |ation with respect to]ﬁ.

interactions, it can only exchange PRA with asmggmhigh Let us now consider the case of primary intere3@
has the same quantum number We will refer to this kind  jgjation in the various instances Bf— K listed in Eq.(2).
of PRA as being simple with respect R Here, the operator which provides the most useful character-

(2) If no eigenstateX; of R has a PRA, then a general jzation of various forms of P violation is the total isospin,
stateY can only exchange PRA with other states related to nthus we takeR=i2

by the application oR. We will refer to this kind of PRA as ] — —
being compound with respect . The final observed statge.g.,K°7~ andK ~#0) are not

(3) In general there may be both mechanism<éf vio- pure eigenstates df but are linear combinations ¢f=1/2
lation present. In this case simp®P violation will account and I=3/2 states. We will denote these eigenstates as
for the exchange of PRA betwedliY) and other states not (K) 1, and K7) 3.
in 7(Y) while compoundCP violation can only lead to ex- Following the discussion abov€,P violations may cause
changes within the states @{Y). partial rate asymmetries among the states in(Egeither as

Of course these are only necessary conditions for theimple CP violation in the K ), or (Km)3, channels or
presence of each kind of partial rate asymmetry; the specificsompoundCP violation due to the interference of these
of the physical situation will determine if either of these channels. Simpl€ P violation thus contributes ta * while
kinds of PRA’s will actually be present. In this paper we compoundCP violation contributes ta\ ™.
wish to emphasize that even in the case of compoQird Suppose that there is only compou@® violation so that
violation, partial rate asymmetries can potentially be large. A*=0 andA~#0. This would clearly mean that th&P

Before proceeding to our main example, decays of theviolation in, for instanceK ~#° is exactly compensated by

form B— K, let us consider, for instance, t@&P-violating  the CP violation in K%z ~. It would be a mistake, however,
effects discussed in Ref25]. Here decays such & o jump to the conclusion that the strong phase involved in
—yK*m andB— yK were considered. The analysis of this CP violation K~ #° is due to an intermediat "

the CP violation which is discussed in Ref25] may be state and vice versa. In generalifstates are present there

faoclzlrl]tgtsvtiithb)r/e?b:;n% m;cg ::rzt%r:(jg a:'irzl‘;npézr?gtgsm_are n(n—1)/2 instances where PRA exchange is possible. If
p P P h- h =3, observing alln partial rate asymmetries does not fix

the total angular momentum of the hadronic part of the fina hen(n— 1)/2 instances of exchanges. Thus compo@Tl

state, i.e., th&K 7 or K* 7 system. S . .
The model adopted in that paper is that the production 0}nolatlon in K~ 7 could imply either that the only exchange

the final hadronic final state is dominated by kaonic resolS With K°7 ™ or that it has some net exchange with various
nances. In this model it is possible that there is a PRA obther, perhaps multibody states whk€ 7~ has an equal
specific angular momentum states which would correspondnd opposite exchange with these or similar states. The ar-
to a PRA of the formAT (B~ — vk;)#0 for some kaonic gument in Ref[4] together with theorem 2 suggests that the
resonancek; . For this to happen, though, there must be atlatter case would be the more likely scenario.

least two states with the san#“ which exchange PRA, As we shall discuss below, it is unlikely that simplP
which is possible for the two 1" states considered, i.e., violation in (K7)3, will be large, i.e., unless electroweak
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penguins are very significant or physics beyond the standard At the quark level, A; is generated by penguin graphs
model makes a large contribution to this decay. If sinPfe  with an internalt quark as show in Fig. (& and related
violation is present in theK ), channel, there are two higher order corrections. Likewisé. is generated by graphs
possible kinds of states which PRA may be exchanged withwith an internalc quark as show in Fig.(b). The amplitude

either states which contain ec pair such asDDg+nw Ay may be generated either by a penguin graph with a inter-
which we will refer to as charm pair states or multibody halu quark as show in Fig.(t) or by a tree graph as shown
states that do not containca pair but only light quarks such N Fig. 1(d). Indeed any distinction between these two kinds

asK +nar. The first of these is being called simplP type of contributions is artificial since the penguin graph simply
| and the second is type II. represents the strong rescattering of the tree graph to light

In the case where the PRA is exchanged witretates, it 9UarK (L,JU or dd) states. In addition, unitarity of the CKM
has been arguefb] that the inclusive sum of the PRA ex- matrix implies thatv,+v.+v,=0 therefore if we add an

— . . i arbitrary constanfi.e., independent of the quark mage
change bet\_/veen afic states _Wlth all light quark final states each of the amplitudes., i.e., 4 — 4+ C, the physics re-
may be estimated peLturbatNer as the quark level PRA ®Xhains unaffected. Which arbitrary constant one adds is

change betweei—ccs and b—uus. Models where this pyrely a matter of convention; for our purpose, we will
through simple models of hadronizati¢fl] suggest that it

tends to be quite small, i.eQ (a few % but with large A=v A Av, Ay,
uncertainties. PRA exchange with multibody light quark
states cannot be calculated perturbatively. Furthermore, as szé‘ﬁlﬁvj}lu, (31)

we have stressed, due to LD effects the rescattering phases
involved inB— K can remain large even at the high mass,\here 4 .= A — A andA. = A — A
Cc C u u .

of the B resulting in large PRA's. In the approximation of the CKM matrix used in Rg]

If the LD rescattering phases are large, another importan, phase difference between the CKM angles in B4 is
consequence which we wish to emphasize in this paper is

that compoundC P violation in the mode$2) is also likely to arguive)~arg —VyqViVEVep) = 7, (32)

be large. Following the reasoning in Ré#] it seems that

there is no simple argument which placesagpriori limiton  wherey is the phase ob; in this convention. Thi<P odd

the size of such effects. We will argue below that it is notangle may combine with a strong phase difference between
unreasonable to have partial rate asymmetries on the order 9f and.A4 ,, resulting inC P-violating effects proportional to

O (20% assuming siny~1, though, again there is no reli- gjj 4,

able way of calculating the phases that they depend on. In particular, for each of th8— K states let us define

V. CP VIOLATION IN B—K 1 — 1 —
—K 0'=§(Br+|3r)7 5:§(Br—Br), Xcp=0lo, (33

Let us now consider the physical mechanisms which may

produce these simple and compoud violations inB  \yhareB s the branching ratio for the case involving the
—Kar. To do this, we decompose the amplitudes in terms of ark whileB. is the coniugate involving the arti-quark
the weak phases of the theory as in Ey). Each amplitude quark-wnrie b, 1 jugate invoving qu

is therefore expanded in terms of elements of the Cabibbofimdxcp.is the partial rate asymmet(PR_’A) asitis trad?tion-_
Kobayashi-Maskawa matrix as follows: ally defined[24]. In terms of the amplitudes above, in units

normalized to the total branching ratio of tBemeson,
A=vA+vActv Ay, - — o
o= |UuAau| + |Uc~’4ac| + 2|Uu||UC|Run~Ac )cog y),
A=vi A+viActo) Ay, (29 o
5= +2|vy||lv/Im( A AL)sin(y). (34
where
Let us now write these amplitudes in terms of their isos-
vi=VpVis, vc=VepVis, vu=VupVis- (300  pin components. Here, one must realize that the penguin dia-
. grams Fig. 1@)—1(c) are Al=0 transitions while the tree
In this expressionA is the amplitude for a giveB meson  diagram Fig. 1d) has bothAl=0 andAl=1 components.

decay andA is the amplitude for the charge conjugdie The most general form of the amplitudds and.A4,, allowed
decay. As is well known, the equality of the factos in by these isospin constraints are thus

both theB andB amplitudes is a consequence of time rever- A - _
sal invariance of the strong interaction. Complex phases AdK™m%)==A, A (K 7%)=—B+2D,
which are present itd; are the strong phases due to rescat- R . —

tering. Because of the essential nonperturbative origin of AdKOm)=\2A, A, (K°7")=\2B+D,
these rescattering phases it is unlikely that they may be ac- ) )

curately calculated. AJ(K 7)== \2A, A (K 7")=—2C+D,
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A(KO7)=A, A (K70 =C+2D. (35) m,=Av* +Cu* +2Dv? . (37)

Here each of A, B, C, D} is an amplitude which will in Consider first the amplitude\, B, C} [26] which gen-
general contain a strong pha&g, B, C} connect tol =1/2 erate theK 7 states ofl =1/2 which we will denotdfor the
final states oK  andD connects to thé=23/2 final state of S=—1 cases (Km)}, and (Km)y, (where the superscript
Kar. The assumption theiﬁtu(fow‘)|=0 used in Ref[13] |nd|c_ates the total chargeSubstituting into Eq.(3_4), we
corresponds to obtain the rates for decays to these states and their conjugates
described by
B=-D/\2. (36)
- 71— 2 2 2|p2
As emphasized also in Refgl2,1] this identity can only 30[(K7T)1/2] oA+ o 1B
hold if B and D have the same phase and, indeed, their
magnitudes are required to have the same ratio as would be
the case in the absence of any large rescattering effects. 1
Of course the description in Rd#] implies that this will = [ (Ka) 1] = +2|vyl|vel |Al|B|sin y sin ¢,
not be the case. On the other hand, in R&f] it is argued 3
that the penguin topologies are an accurate enough descrip- 1
tion of all QCD rescattering effects in that the phase contri- §0[(Kw)g,ﬂ= lvel2 A2+ vyl C?
butions from long-distance effects average out and such final
state interaction effects only modify the magnitude by a con-

stant factor. In particular they suggest tiat— K°7~ will
have its magnitude altered via long-distance contributions 1 0 ) )
but will still receive no tree contribution as such. 3 (K1l = +2vy/[ve||Al|Clsin ¥ sin ¢y,
In view of the description in terms of the isospin ampli- (38)
tudes, however, this seems unlikely. First of all, the rescat-
tering implicit in Fig. Xc) only affects thd =1/2 amplitudes where¢_=arg(BA*) and ¢y=arg(CA*).
so if the effects were sizable in terms of even only the mag- Clearly this effect is an example of simplP violation.
nitude then there would be a significant tree contribution toAccording to theorem 1, therefore, there must be ari/2
B~ K% . Itis also hard to see how the phase shift in thestate which these states exchange PRA with, whether they be

I=1/2 and1=3/2 could be locked together. If indeed the cc states or light quark states.

phase shifts in thé=1/2 andl =3/2 fail to be the same as  |n the case ofc states we can understand what is hap-
would be implied by Eq(36), that would in turn imply atthe  pening at the quark levdb] from the schematic Feynman

very least, of compound P violation. It seems therefore diagrams in Figs. @) and 3b). In Fig. 3a we have acc

more likely that either rescattering effegts in Ker channgl penguin contributing tas[ (K ) ,] where the phase differ-
of B decay are generally large, in which case both simple . . —

. ence is generated by the rescatteringofthrough all pos-
and compoundCP violation would be present or else only

S . - sible on-shell states indicated by the cut. This is sin(k
CP V|.olz?1t|ng_ effects proportional td.c are priaseﬂt() arjd.the type I. In Fig. 3b) we have the related diagram contributing
deEC;Iprﬂ?r;l In Rr?fs[t10,13,14 of the decayB™ —K 7 i 5c¢s) through auu penguin operator; here the cut may
su |fS ae ad)e/ncooteetch.e amolitudes for the deca include, among other states, th€#),,, state. The contribu-

W_ o — P' uades . ys g tion that can be attributed to th& (), State is precisely the
=AK™7), my=AK 7"), mg=A(K"7") and m;  one required to balance off the PRA iK ), final states.

+2[vyl[vc||Al|Blcos y cos ¢,

+2|vyl|vcl|Al[Clcos y cos o,

= A(K°7%) then we can write the amplitudes as Let us turn our attention now to the case of an intermedi-
ate state which is composed entirely of light quarks. In this
m;= —Av.—Bu,+v2Dv,, case we must consider all states which have isobgiti/2
(e.9.,K+nw or Ky’ +nm, etc). An exchange of PRA in
my=—Av¥ —Bu +2Duv} this case(simple CP type II) will result from a difference,
¢_ and ¢, above, between the interaction phase of charm
m,= \/EAUCJF \/vaquDvu, penguin processes contributing Aoand the predominantly

tree processes contributing Bband C. This can occur be-
cause the effective Hamiltonian for these two processes at
the quark level has a different Dirac structure and so each
process will couple differently to different intermediate light

m,=\2Av* + \2Bv* + Dv?

ms;=— \/EAUC_ \/ECvqu Duy, guark states giving contributions #_ and ¢,. Diagram-

. matically, this is shown in Fig.(8), where the hexagon rep-

mg=— \/EAvg — \/ECvj +Dvj, resents the contribution of the penguin operator to a multi-
body intermediate state including a katng.,K+n) and

my=Av.+Cv,+ \2Dvy,, the circle represents the tree contribution to the two body

036005-9



DAVID ATWOOD AND AMARJIT SONI PHYSICAL REVIEW D 58 036005

stateK%7 . Since this is simpleCP violation, all of the
states will be of the same isospin, in this casel/2. In Fig.
3(d) we show the compensating process which gives an

asymmetry tdB~ —K+n. In the preceding pages we have
argued that these simple type-Il contributions may be large
or, at least, are not bounded in any way.

For the | =3/2 final state there can be no simple PRA
since the penguin diagrams produce ohity1/2 final states.
Thus the total PRA summed over &7 final states is given
by the K )4/, result above. In particular,

S(K™m0) + 8(KOm ™) = 5[ (Km) 1],

S(K™ ™)+ 8(KOm0) = o[ (Km)9,,1. (39

Since the physical states that are actually detected are those
in Eq. (2) which are mixtures of the isospin eigenstates, com-
poundCP violation becomes possible giving~ #0.

To see this, consider as in theorem 2, what happens in the
limitof ¢_, &y—0,i.e., in the limit that there is no simple
CP violation and all of it is compoun€ P violation. In this
case,

S(KOm™)=— 8(K~m°)
= 8(KOm0) = — §(K~m*)
=2\2[v||vel|Al[D[siny sind,  (40)

where® =arg(DA*). The equality in the first line and the
second line follow from theorem 2 while the equality of all
three lines follows from the general isospin considerations,
in particular from the fact that the penguin process here is
Al1=0, again ignoring the effects of electroweak penguin
processes.

The isospin structure of the strong penguin process also
determines the pattern of the simplP violation given in
() Eqg. (39). In particular, ifonly simple CP violatior(i.e., ®
=0) is present, these equations become

5(K’7-r°)=15(K°7T’)=2|vuvc|sin ysing_,
FIG. 3. Quark level Feynman diagrams that contribute to the 2
partial rate asymmetry for for simplgP violation of type | at the L
quark level, decays involving—uus andb—ccs, andCP viola- 0_0\_ - . .

tion of type Il at the meson levefa) shows a penguin contribution (K= )_Eé(K 7 )_2|UUUC|Sm ¥ Sin do.

which generates a partial rate asymmetry Ka),, which is (42
simple CP violation of type | through the interference with the tree

diagram where the strong phase of the penguin contribution is gen- Another way of expressing the pattern in Edl) is to
erated by thec cut indicated (b) shows a contribution to the par- Write it in terms ofx., wherex.,(X;) = 8(X;)/ o(X;), i.e., the
tial rate asymmetry fob— ccs through the interference of a pen- PRA. If we assume that the penguin processes, v A)
guin contribution with an internal quark and the tree. The cut here dominateso then

includesK 7 states and the contribution of thoker states will be . .

exactly opposite to the partial rate asymmetrykofr in (a). (c) xcp(K*ﬂ-O):xcp(KOW*), xcp(KOﬂ-O):xcp(K*ﬂ-*),
shows a contribution to simpl€P violation of type Il where the (42)
hexagon indicates a penguin process, the circle indicates a tree pro-

cess, and the box indicates strong rescattering. In this case the iathere if B=C then all four values Of(cp are equal.
termediate state is a multibody, e.§.s-na. (d) shows the process If both simple and compoun@ P violations are present,
which compensates for the partial rate asymmetricjn from the combination of Eqg39) and (40) we find that
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25(K*7r°)—5(?017*)—5(K*77*)+25(E°7r°)=0. the example_of compoun@P discussed abO\E, PRA's in
(43 K 7% and K°7° mode are twice that in th&°7~ and
K~ 7" modes[see Eq(45)].

Since Eq.(43) came from assuming that the penguin con-
tribution is A1 =0, a violation of this relation would imply VIl. BOUNDING y FROM EXPERIMENTAL DATA
that the light quark pair is not made inla=0 state. If a ) ) ) )
penguin-type process were generating such a contribution Let us now consider how information may be obtained
this could mean that instead of being produced via a virtuafibout y through the measurement of the ratesBot K.
g* the quark—anti-quark pair is produced viaya or aZ* First let us consider what may be learned abgudtom the
through either unexpectedly large electroweak penguin prowo modes that have actually been recently obserigd
cess or new physics penguin processes with large contriburamely, B°—K~ 7% and B~ —K°#~. For each of these
tions. Alternatively, tree processes involving, perhaps, extranodes let us define the following parameters which charac-
W bosons, charged or neutral Higgs scalars could also lead terize the relative magnitudes of various amplitudes:
amplitudes withAl # 0 that could violate Eq(43).

In any case, in the context of the standard model, the r=|v,Ay(K™ 7|/ A((K™ 7)),
important point to note is thab is totally unconstrained by
the CPT theorem. Furthermore it is driven by LD rescatter- p= |«21 (Eow—)m;l (K~ 7))
ing effects in theK# system so we cannot say that it is ! ! ’
small. —
R=o(K 7 )/ o(Ko7 ). (47)
VI. NUMERICAL ESTIMATES In the papef13] assuming =0 it is shown that an accurate

Let us now estimate numerically the largest magnitude O]mea}sure.mgnt oR may lead to a lower bound on coses-
r pecially if information aboutr from some other source is

CP-violating effects which might be present. For the pu Known
poses of this illustration, we will consider the case where Thi : bound bout si by i . "
there is no simpl€ P violation but only compounc P vio- _ his boun . comes about since, by |§osp|n symmeitrg
lation ¢_ = ¢po=0. In order to obtain such a rough estimate YU anddd pair from the gluon must be in an=0 state
recall that the relations in E§36) would be true if final state R R
rescattering were turned off. If we assume as suggested by A(K™ )= A(KO77) (48
Ref.[12] that the main effect of such rescattering is to adjust o
the respective isospin amplitudes by a phase, then the maghd since it is assumed that=0,
nitudes, but not the phases, obey the relation (86), |B] _ R
~|D|/y2. The largestCP-violating effects would occur o(KOm ™) =|vA(K™7)[2 (49)
when argAD*)~90°. Let us suppose th&~C and define o

Thus the observed ratiR is given by

r=|qu21u(K77T+)|/|Uc:4c(K77T+)|- (44) R=1+r?+2r cosy cos¢_ . (50
Thus, we find/Dv,/(Av¢)|~(v2/5)r so that From the fact thajcos¢_|<1 we can in this case infer that
— T + 2_
Xepl K™ 1) = xep(KOmO) cos y|>’1;—R‘. 5D
r

:2|ch(K0777)|:2|ch(K77T+)| . . . . .
Since this bound provides a lower bound on ¢o# vy is
~\2r siny sin®. (45  in the first or second quadrantshich is required by consis-
tency withCP violation in theKE), there is some angle,.,
Thus, if we suppose that = y=90° then ifr =0.3[27], the  such that onlyy=< y,.xand y=7— ym.x are allowed. In Fig.

above yields 4 we show the allowed region for in the first quadrant as a
function ofr given the values oR=0.25, 0.65, and 1.0&s
|Xep(K ™ 70| :|ch(E07TO)|”0-42, shown by the solid curvgsThe current experimental value

is R=0.65+0.40. From the graph it is clear that for the
— - . smaller values oR there is a lower bound on casindepen-
[Xep(KP7 ™) = [Xep(K™77)[~0.21. (46) dent of any information about corresponding to the peak in
the curve. In fact ifR<1, then
As one can see, the isospin structure determines the pat-

tern of CP violation as discussed in the last section. If the cosy=\{1-R. (52
CP violation were simple and iB=C, x., would be the

same for each of the four modes assuming the denominator As pointed out in Refs[13,27] one can argue that even
is dominated by the penguin process. On the other hand, fdhe current data from CLEQL1] would indicate an upper
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FIG. 4. An example of the bounds that may be obtainedyon FIG. 5. The bounds that may be obtained pfrom the obser-
from the observation ofr(K*#7~) and o(7 K° under various Vvation ofx;, for some modeB— K. Here the allowed region is
assumptions as a function of In all cases the allowed region is above the curves. The boundxf,=0.03 is shown in the dashed
below the curve. The solid curves correspond to the pas6 for ~ curve, the bound ik.,=0.1 is shown in the solid curve, and the
the values oR=0.25, 0.65 and 1.05 as indicated. The dashed curvéound ifx.,=0.3 is shown in the dot-dashed curve.
is the bound giverR=0.65 andp,,,,=0.3, the dotted curve is for
R=0.65 andpya= 0.5, while the dot-dashed curve is f=0.65 If (1+rpma)?R>1+r2>(1-rpma)°R then there is no

andppa=1. bound on cog. If py= 0.3 the bounds for various values
of R are shown in Fig. 5 with dashed lines.
bound onr if we assume thaB*— 7~ 7% is dominated by There is some prospect of obtaining information about the
tree processes. If this is true, then @Uarguments would value of p through the study of the analogous proc&s
suggest that —K*K™. In this case neither a tree decay nor a penguin
decay may lead to the final state quark contenss. The
rm)\f_K 20(m " 7°) (53 tree decayb—uud can, however, produce, for instance, a

a7 state that can rescatter ko' K~ and likewise a penguin

decayb—ssd, uud, andddd can lead to arm or K°K°
(where\ = 6, is one of the CKM parameters from R¢€]).  state which may rescatter k0" K ~. Thus, by comparing the
Thus given the current bound of( 7" 7% <2Xx 10 ° it fol- 540 of BOLK* K- to KOK® mtam— or 7070 it may be
lows thatr <0.5. Factorization arguments in R¢1.3] sug- possible to put a bound qmlln partié:ular B0 LK K- is

gest thar ~0.2 though this estimate has considerable uncery,ch smaller than the other processes then the assumption of

fr O'(EO’W_)

tainty. Refs.[13,14 would be vindicated.
VIil. GENERAL BOUND IN THE PRESENCE OF LONG- IX. CONSTRAINTS ON v VIA DIRECT CP VIOLATION
DISTANCE RESCATTERING EFFECTS IN BoKar
Itis probably unreasonable to assume hat0. If, how- In view of the fact that it may not be possible to derive a

ever, some argument or indirect evidence allows a bound 0fq;nq onp, it would be useful to have another way to find a
p 10 be known,p<pmay, then a bound on copmay still be  hoynd ony. If CP violation is discovered in any of the four

2r

obtained in some casesgf,=1. This is because modesB— K (i.e., 5#0) then a lower bound can be placed
(KOm) on siny.
B 2 o(R"m 2 To understand how this works, suppose thandr were
(1T pmad”< o A(K T 77))2 <(1HTpma)” (54 known. Then, the system of equatio3}) can be solved for
a positive real value ofv,.4,| if and only if

so that

2 2 jsin yf= 2|2 (56)
1+r2—R(1+r siny|= o= ,
(1% 1 Prmad <|cosy| if 1+r2=(1+rpn°R, 2\/1—X§p r

5 ) wherex.,= d/a. Thus, if y is in the first or second quadrant
1+r°=R(1~pmat) this bound will mean that there is a value gf,, such that

H 2 _ 2
2r <lcosy| if 1+r°<(1=rpmadR. only Ymin=<7Y<7— ¥Ymin iS allowed as a function af. In Fig.
(55) 5 we show this bound as a functionmfn the first quadrant.
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From Eq.(56) (see Fig. bif r=1 there is no lower bound 3|my|=|—g,+ ﬁ”’ 3|51|:|_51+ \/§f|,
on|sin 9{. This corresponds to a situation where the penguin
and tree diagrams happen to almost exactly cancel so that a 3|my|=| 2g,+ f|
small value ofy is amplified to a large value of due to 2 91l
almost total destructive interference. Sircés likely to be

3|my|=|\2g,+f|,

smaller than 1, this singular configuration is probably not a 3|m3|:|\/§92+f|' 3ms| =[v2gx+ f],
problem, future experimental measurementrof modes to- _ _
gether with SY3) arguments should help to clarify what a 3Imy|=|—go+ V2|, 3my|=|—gp+ 2.

reasonable value dof is. If an overall upper bound on the (60)

value ofr, r<r,,=1 is known, then the lower bound on
|sin 4| for all values ofr <r ,;, will be obtained by substitut-
iNg I min iNto Eq. (56). A similar statement is true if a lower
bound onr=r =1 is known.

For instance, as a humerical example, if it were true tha
the restriction orr of r,,,=0.2 can be obtained, a value of
Xcp=0.3 would lead to the bound 5&°y<130° while if
Xcp=0.1 gives 145<y<176°. One can see that to put
bounds ony that are interesting from the perspective of the
standard model, one must have an instancg.g#0(0.1)
for at least one of the modes.

These equations may be solved to obtain the complex values
of g;, 0, as well as the real numbéy though the solutions
will have some discrete ambiguities since they require the
ls‘olution to polynomial equations.

The quantityQ may thus be expressed as

Q=|vAlsin y=|g;—g,|/6. (61)

Furthermore, frong, andal we may also discover if there is
indeed a strong phase differen®e=arg(DA*) because

d=ardi(g;—91)]. 62
X. EXTRACTING INFORMATION ABOUT v d1(9:~9)] (62
FROM DIRECT CP IN B—Kar -LIKE MODES In addition we can learn the phase |&— C| since
Let us now consider the case where full experimental in- 1
formation about this systeni2) is available. If all four §|gl+gz|=(B—C)|Uu|. (63)

branching ratios and their conjugates may be observed, it is
still not, in general, possible to solve for without making

some additional assumption. One can, however, obtain thﬁ:ti
combination

The simple point is that there are seven independent quan-
es that are measured since the eight value$nof and

|m;| are subject to the constraint E¢.3). On the other hand,
Q=|vcAlsin v. (57)  the right-hand side of E¢58) depends on eight unknowns:

v, [vc|Re(A), [vc|Im(A), [v,|Re®), |vy|Im(B), [v,|Re(C),
The experimental determination of the branching ratios forand |v,|Im(C) (note that the observables do not depend on
each of the four modes and their conjugates allows us tan overall strong phase, here taken/g3. Thusy cannot be

determine|m;| and|m;| of Eq. (37), i.e., eight quantities in determined from these equations.

all subject to one constraint, i.e., E@3). However, if we know the value of we may obtain the
We can most easily obtain information about the ampli-ratio
tudes from the observable quantities by noting that a com- \/— 2, \/—
mon strong phased(p) is not soluble and by rewriting Eq. _ _ 2p"£3p++2
: . rg=|B/D| 5 , (64
(37) in terms of the expressions 1-2p
f=3e ("7 ¢o)y D, where the+ in the above represents a twofold ambiguity.
From this

9:=3e' 77" 0)(v, B+uA), _ L
y=ard (1-iN)g;—(1-iN)gy], (65

N — —i(+y+¢p)(,,* +p* ) )
9.=3e (vyBFvcA), where\ is one of the two solutions to

- _ —i(=y+dp) _
2= —3e TN (v CHuch), [(1+IN)g+ (1—iN)gy| = 2Frs. (66)

Ef —3e 1 H)(pECHVEA), In the above we assume that the decay8dfare self-
(58)  tagging and so oscillation effects need not be taken into ac-

count. This would not be true fa8°— K%#°, however, in
the analogous case where tK8 is replaced with the<®*
which decays to a chargad™ the decay chain will be self-
(59  tagging. Thuss(K* 7% may be determined through the

comparison of the decay chaB’—K* %7K~ 7+ 70 to
We then obtain BO—K*070 KT 7™ 70

where ¢p=arg(D) so f is real andg; anda are general
complex numbers which satisfy

9:+09,— 91— 92=0.

036005-13



DAVID ATWOOD AND AMARJIT SONI PHYSICAL REVIEW D 58 036005

In the case where the decay is not self tagging such agroduced, one of the pair undergoes a tagging decay and the
BO— K270 or BOK%?, we can still carry out the analysis Other one decaygfor instancg to Km°. Here we will con-
through the use of Eq43). Consider, for instance, the case sider the situation where the times of the decay cannot be
bt : . 0
B°— K. In this case oscillation effects will not alter the detérmined(@s would likely be true foK 7") and so we

0.0 . 0.0 . consider only time integrated quantities.
observed value of (K”a) while 5(K"a") may be obtained Let us denote a tagging decay that indicateB®ameson
through Eq.(43).

+oO- 0 : o
Of course, using this equation assumes the isospin strué§UCh a;z; vD™) by B Hta?_anf a ta%;(g)lngdiay that ind

ture due to the presence on the quark level of only the tregates &8” meson(such ase”vD™) by B"—tag If we des-

and strong penguin diagrams. In order to confirm this ondgnate the neutra meson that undergoes the tagging decay

can independently check the value &K °=°) by factoring asB; and the neutraB meson which und_ergoes the decay to
in the oscillation effects. Let us consider the experimental< ™ @sB> then we can define the following observable time

situation as it exists at &' e~ collider where @8°B° pair is integrated quantities:

1. 1 —
EU(KSWO) :E[Br(BO_> KSWO) +By( B%— KSWO)]a

1. B,(B,;—tag;B,—Km®) — B, (B;—tagB,— Kem°
—5(KS7TO)= r( 1 g:b2 S ) r( 1 —g2 S ) (67)
2 B,(B;—tag) +B,(B;—tag)
|
These may be related ® and 6 via in this context that large final state rescattering phases have
been seen i — K, K* 7, and inKp [16].
o(Kgm®)=o(K79),
XIl. CONCLUSIONS
S(Ksm®) = 1+ X25( KO7), (68) Traditional discussions of dire@P violation in B decays

¢ [9,28] have been centered around that emerging from the

absorptive part of the penguin graf#]. We are labeling this
“simple CP violation” as, for b—s transitions, it involves
z Al=0 effective interaction only. Simpl€P violation of
tally, the quantitieso(K°7°) and 8(K°7°) may be found type | entails partial width cancellation against states
from Eq.(68) which gives ugm,| and|m,|. The analysis for whereas for type Il the cancellation is with light quark states
extractingQ then proceeds as given above. For Bfe the  which contribute through final state interactio@y. Long-
experimental value foxy is about 0.73 hence the factor distance rescattering effects can cause another braGdPof
1/(1+x3) in Eq. (68) is about 0.65. violation, “compoundC P violation,” involving mixtures of
eigenstates of isospin. We have discus€4eT constraints
governing the PRA’s in the various cases. In particular, the
pattern of asymmetries iB— K modes in these cases is
quite different.

We have also examined the repercussions of the long-

It is important to understand that because of theorem 2distance rescattering effects for constraints on the CKM
the partial rate asymmetries By K 7 that are driven by LD  anglevy. Since atmg LD rescattering effects iB— K ar-like
rescattering effects leading to compou@d violation can- modes are unlikely to be small they need to be taken into
not cancel with similar PRA's in th® —K* 7 system, for account. Full experimental information in thér helps in
instance. Since, as a rule, we should anticipate LD effects tdeducing useful constraints op Since PRA due to com-
cause possibly large, unpredictable, phases in all such modesund CP violation in B— K cannot cancel with those
[see Eq.(3)] therefore experimentally we get several inde-(say in B—Kp, each class of these final states would exhibit
pendent shots at the consequences of large dB&cviola- PRA dictated by the corresponding rescattering effects in the
tion by searching for all of these modes. We note, in passing:espective channel.

wherexg=Amg/T'y.
Thus if o(K7°) ang3(KSw°) are observed experimen-

Xl. SEVERAL SHOTS AT LARGE DIRECT (COMPOUND)
CP VIOLATION
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PRA'’s from different sources oE P violation, discussed the same issues as this pap29].
herein, are additive. Thus in some of these modes the net

PRA .wiII be bigger thz_in that only due to compqu(itP ACKNOWLEDGMENTS
violation, for example, in other cases, due to partial cancel-
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