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Abstract

In order to rule out the superweak theory for CP violation, future experi-
ments will try to find a difference between the CP-violating asymmetries in
the decays B ° --, q_Ix's and B ° --_ rr+rr-. However, Winstein recently noted
that, for some acceptable values of the CKM parameters, the standard model
would give equal asymmetry parameters for these decays just as the super-
weak theory does. In this paper we show that, by considering both tree and
penguin contributions to the decay amplitudes, the test can still be effective
if a third asymmetry is measured with enough precision.
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The only evidence for CP violation comes from a study of K ° decays [1]. It
is still possible that the experimental results on K ° decays can be explained
entirely by CP violation in K °-/_-o mixing. This type of violation could
be explained by a superweak interaction much weaker than the electroweak
interaction [2]. In contrast, the standard model predicts direct CP violation,
that is, CP violation in the K ° decay amplitudes. A CERN experiment
[3] has indicated direct CP violation by measuring the parameter e'/e to be
non-zero by three standard deviations, but this has not been confirmed by a
Fermilab experiment [4].

The first goal of future experiments remains finding clearcut evidence
for direct CP violation. Proposed experiments aim to measure e'/e with a
precision close to 10.4 . Within the framework of the standard Kobayashi-
l_Iaskawa model, the theoretical prediction for e'/e varies from the order of
10.4 to 10-a [5] so that it is probable, but by no means certain, that the
proposed experiments will be sensitive enough.

Within the standard model much larger CP-violating effects are expected
in B ° decays. The experiments which are the focus of proposed B factories
involve neutral B decays to CP eigenstates [6]. The CP violation is measured
bV

r(B ° --+F)- --, F) _ x
a(F) -- I'(B ° _ F) + F(/_° _ F) - 1 + x 2 71F&(F) (1)

'._._I
where x = -T- and r/F = 1 (-1) for a CP-even (CP-odd) final state F. The
states of most interest have been those reached by the quark transitions

b _ c+_+ s (2)

b _ u+ft+d (3)

The simplest decay of type (2) is B ° ---, q_Ks. The asymmetry is given by
eq. 1 with

fi(_A's) = 5(2) = sin 2/3 (4)

where the CKM matrix element Vtd is

Vtd = [Vtd[e-iz = A_3(1- p- irl) (5)

The CP-violating asymmetry for transitions of this type could be ex-
plained in terms of a superweak CP-violating B °- /)0 mixing and as by



itself is not a sign of direct CP violation. While there is no reason to expect

in superweak models a very large CP-violating effect in B ° decays tile possi-

bility cannot be excluded [7]. Thus to see direct CP violation it is proposed
to compare decays of type (3) with those of type (2). The superweak theory

requires a(3) = a(2) whereas differences in the direct CP violation in the two

decays should make the asymmetries different. The simplest decay of this

type is B ° -+ 7r+Tr-. Considering only tree amplitudes one finds

-) = a(3)= sin2(/3+ (6)
where

_b = limb[e-i_' = AA3(P- i,l) (7)

lt has recently been emphasized by Winstein [8] that even in the standard

model &(3) may equal &(2) if the CKM matrix elements satisfy

P (Sl(l-p)b_p

For values of p between 0.1 and 0.5, eq. 8 (called by Winstein the curve

of ambiguity) is consistent with all the present constraints on the CKkl
elements.

The main point of the present paper is to show that even if fi(t_Ks) =

fi(Tr,+Tr-) within experimental errors, it is probable that the asymmetry of
a third B ° decay could demonstrate direct CP violation and disprove the

superweak alternative. The reason for this is the important role expected to

be played by the penguin amplitudes [9]. Although, for decays of type (2)

like B ° --. O_h's, the penguin amplitudes do not contribute to the asymmetry,
there are two classes of decays for which they must be included:

- Decays reached by the transition (3). Penguin amplitudes are expected

to play a larger role in decays to final states 7r%r°, pOpO, pOTrOthan
for 7r+7r-. Thus there can be a large difference in the asymmetries

for these different states contrary to the superweak prediction. This is

completely analogous to the measurement of d in the K ° system except

that we expect a much larger effect in the B ° case.

- Decays associated with the quark transitions

b _ u+ft+s (9)

b _ d+d+s (10)



A typical transition would be B ° --, KsTr °. Because the tree diagram

of (9) is doubly Cabibbo-suppressed one expects penguin diagrams to

dominate. If tree amplitudes were neglected completely then

a(Ks_r °) = 5(9) = sin2/3 (11)

and so the ambiguity would not be resolved. In fact we find this is not

expected to be a good approximation for most transitions of type (9).

If we consider tree and penguin diagrams for decays for which the tran-

sition (3) contributes, the amplitude has the form

m([3 ° _ F) = Imle-'¢F

= vuA (1 + RFv-') (12)
Vu

whcr(."

lz ,z. AA3(p iq )Yu -- _ ub _' ud --

t,t = t_bI'_] = AA3(1- p + i,I) (13)

and RF is the ratio of the penguin amplitude to tile tree amplitude. Neglect-

ing final-state interactions (or the absorptive part of the penguin anaplitude)
RF is real. Then

1 - RF
tan _F -" 7"] (14)

p + RF(1 -- p)

and the CP-violating asymmetry is given by eq. 1 with

ft(F) = sin 2(/3 + ev) (15)

For decays of type (9) a similar analysis applies:

A([? ° --_ F)= IAle -i_F (16)

and

5(F) = sin 2(/3 + _/'F) (17)

with

tan _/.'F= (18)
X2p_ RF



In the limit where RF goes to zero eq. 15 gives back eq. 6. In the limit A2

(really A2/RF) goes to zero eq. 18 gives eq. 11. Note that the deviation from
the approximate formula of eq. 6 increases with RF whereas the deviation

from eq. 11 increases with 1/RF.

We now give an estimate for the ratios RF. The effective Hamiltonian for
the quark level transitions of interest is

6

n_II = 2v/_- GF [v,,(C,O, + C202) + vt __, CkOk + h.c.] (19)
k=3

where v_ = l/_3blZ]a and the operators Ok are

01 = &TU'TLb ft')'uTLU

02 = fi"_""_L b 6"_#")'L u

03 = E &'7"')'Lb g-l%_/Lq
qmu,d,s

04 = _ 4")"TLb &'_'.qLq
q-u,d,s

05 = _ &'TU'TLbqS'u')'nq
q--u,d,s

O6 =:-2 _ 07Lh 67nq (_'20)
q--u,d,s

with 7n.L = (1 :t: 7s)/2. a represents the d-quark for the decays of the type

(3). and the s-quark for those of the type (9) and (10). The coet_cients Ck

depend on the choice of the scale/l at which the hadronic matrix elements of

H_ll are to be evaluated. We choose # __ mb and use the results in ref. [10]

(with A = 300MEV)"

C, = -0.31

C2 = 1.14

C3 = -0.016

C4 = 0.036

C5 = -0.010

66 -- 0.045 (21)

The next step is to evaluate the hadronic matrix elements of the operators
Ok. We follow the factorization procedure of Bauer, Stech and Wirbel (BSW)



[11], and neglect terms in i/Nc (as suggested by the experimental data on the
BR for B ° -_ _K'°). The results are given in the Appendix. The penguin

to tree ratios, RF, are

R_._- - (C4 + 0.67 C6)/C2 = 0.06

R,_o,_o = -(C4 + 0.49Ce)/C1 = 0.19

RKs_O = -(C4 + 0.69C6)/(0.93C,) = 0.23

RKspO = -(C4- 0.69Ce)/(1.9C1) = 0.01

R,_opo = -(C4 - 0.17C6)/C, = 0.09

Rpopo = -C4/C1 = 0.12 (22)

For the decay B ° --+ pOp0 the value given is for the final state of zero helle-

ity. The other helicity states are not CP eigenstates, and according to our

calculation have a rate suppressed by a factor of ten.

As discussed in the Appendix, the values of RF do not depend strongly

on the parameters that appear in the evaluation of the matrix elements of

the quark operators (except for R_-sp0 which is very sensitive to the choice

of quark masses). The main uncertainties are in the choice of the scale p,

that determines the values of the Wilson coe_fficients Ct,(p), and in the overa)l

correctness of the factorization procedure.

The asymmetry in 13'o _ rr+rr - is now given by eq. 15 due to the small

penguin contribution. This means that the ambiguity curve is in fact

p + n=+=-(1 - p)r/ - (1 - p) 2- p- R_+_-(1 - p)
(0.3)

and is plotted in fig. 1 We will be interested in the part of the curve having

0.1 _< p _ 0.5 which is in the region allowed by the present constraints on
the CKM matrix elements.

In table 1, we give the values for the BRs and the asymmetries, for two

points on the ambiguity curve (the analytic expressions for the BRs can be

found in the Appendix). The behavior of the asymmetries along that curve

is plotted in fig. 2 for the more interesting cases (the curves corresponding

to the CP-odd states must be inverted to obtain the asymmetry). In the

region of interest the asymmetries can differ by a factor of two, for the lowest

p, but only by a factor of 1.2, for the highest p. Therefore, provided such



a precision can be achieved in the experiments, these asymmetries could

provide evidence for direct CP violation in spite of the Winstein ambiguity.

It should be emphasized that we do not believe our calculations are par-

ticularly reliable. There is at best qualitative evidence in favor of the BSW

calculation method for B decays. The important point we make is that with

reasonable estimates there are sizeable differences between the asymmetry

parameter fi for different decays. Moreover, notice that the expressions for

RF in eq. 23 are approximately the same for the decays KsTr ° and Tr°Tr° (ex-

actly the same in the SU(3)-flavor symmetric limit). As seen before, the

difference to the superweak prediction for the asymmetry varies in opposite
sense with RF, for the two cases. Thus, at least one of the two asymmetries
naa3' be sufficiently different from that of t_Ks and Tr+Tr-, and the exact value

of RF is not. crucial. It is also worth noting that even though the final state

popo might not be a CP eigenstate, an observed value for the asymmetry pa-

rameter greater than that for t_I(s and _r+Tr- would disprove the superweak
alternative.

From the point of view of prospective experiments, there is the problem

that those decays whicli deviate more strongly from the ambiguity value have

suppressed rates. This follows since these are just the decays in which ttle

leading amplitude (tree for transitions of type (3) and penguins for those of
type (9)) is suppressed. Nevertheless, because we are dealing with very large

asymmetries, experiments may still be practical.

A particularly curious example is the decay B ° _ Ksp °. In this case we

find that due to a cancellation between 04 and 06, the tree amplitude be-

comes comparable with the penguin in spite of the double Cabibbo suppres-

sion. Given the uncertainty in the matrix element of O6, only very qualitative
conclusions can be drawn. For a wide choice of parameters, the asymmetry

is always far from the superweak prediction; however, the branching ratio is

discouragingly small.
The importance of penguin amplitudes in B decays has been pointed out

in many papers. Direct CP violation can be seen in the difference between

partial decay rates of B + and B- as a result of the interference between tree

and penguin amplitudes [12]. This effect depends entirely on the existence of
final state interactions. When these are estimated from the absorptive part

of quark diagrams, the CP-violating effects become very small for decays

generated by the quark diagrams (3), (9) and (10).

In contrast the effect we discuss here is large even in the absence of final



state interactions. If we include a final state interaction phase difference

between the tree and penguin terms, there are two effects. They are seen by

looking at the time dependence of the decays, which has the form [6]

F(_) o¢ 1 4- X cos(Am t) 4- }'sin(Am t) (24)

where the signs are for B ° and /_0. The term we have been calculating,

which is Y, is multiplied by cos 6 and thus is not significantly changed if _ is
small. The main effect of the final state interaction is to introduce the term

X which is proportional to sin _. This term gives a difference between B °

and /)0 decays even at time t = 0, and is the same term that determines the

difference between B + and /3- decays. If this term were really large, then

direct CP violation could be discovered from B + and B- decays.

Penguin graphs have also been discussed in connection with the asym-
metry in B °, particularly for /3o -+ rr+rr - and related decays. The main

emphasis in previous papers has been tlm problem raised by penguins in the

attempt to derive the CKM parameters from the observed asymmetry, lt

has been pointed out [13] that by combining several measurements it may
be possible to determine the size of the penguin amplitude and so finally de-

duce CKM parameters, ttere we have considered the much simpler problem

of proving the existence of direct CP violation, in which case the penguin

proves to be the solution rather than the problem.

This research was supported in part by the U.S. Department of Energy under
Contract No. DE-AC02-76EI103066.



Appendix

The matrix elements of the quark current operators in the decay amplitudes

are parameterized by form factors as follows:

< 7r+[_-F-_sd]0 > = if,, p".
2

< lr+l_3'"b]/) ° > = (pB + p. - rn_ - m,_ q). F_(q2)
q2

2

+ m_ -- m,, q. FO(q2) (25)
q2

_ (q = ps - p,,)

and similarly for the other mesons in tile pseudoscalar octet. Whereas for
tlm vector mesons

<p+[ii?,"dl0> = if pm o_.

< p+/77"75b/_o > = e"'(rnB + mo)Aa(q 2)

. _-.q
-- (Ps + Pp)U.4_(q 2) (26)

mB + mp

The decay constants fM are measured from the leptonic decay rate of the_

corresponding meson. The values of the other form factors are determined

using an ansatz for the meson wave functions, and for the evolution with q2.
We use the values obtained in the model of Bauer, Stech and Wirbel [11].

Because the final state mesons in the B decays that we cop,sider are nearly

massless, we can take q2 = 0. The ratio between the matrix elements of the

penguin and the tree operators is then given by

< Q_> (m_+ -_d)-_b< Q_>
Tr+rr-" = = 1 (27)

< O_> 2,._, < O_>

rroTro: <Q4> _ mdmb <Q6> -- -1 (28)
< Q, > m_0 < Q, >

KsTr o " < Q4 > = (ms q- ma)mb < Q6 > = fKF_(O) (29)
< Qa > 2m_. < Q1 > f.F]..(O)

7tOpO. < Q4 > = marnb f.Fl(O) + fvF_(O) < Q6 > _ 1 (30)
< Q1 > m _,To f_F_(O) < Q, >



KspO . < Q4 > = _(m, + rod)mb < Q6 > ft"Fpl(0) (31)
< Q, > 2m_. < Q, > ££I,.(o)

pOpO. < Q4 > = -1 (32)
<QI>

(The matrix elements of the operators that are not shown are zero). This

shows that the ratios RF that give the asymmetries do not depend strongly

on the ansatz mentioned above (the dependence in the form factors actually

disappears in the SU(6)-spin-flavor symmetric limit). If the factorization
procedure is reliab]e, the expressions given in eq. 22 for RF in terms of the

\Vilson coefficients should be a good approximation. The only exception

is in the decays of the type D O ---, PI/. Here tile two penguin operators

contribute with different signs, and the amount of cancellation depends on

the values of the quark masses. Vv'e have taken m_ = 4/l:leV, 7_d = 7MEV,
and m, = 130,_lel _.

The BRs for the decays shown in table 1, are given by"

BR(rr+rr, -) = 6.7 x 10-s C_ lP - i,1 + R_+,_-(1 - p + i,j)l2

BR(rr°Tr°) = 3.4 x 10-s C_ lP - i_ +/_o_o(1 - p + i,/) 2
BR(I;s,r °) = .5.9_x 10-4 (0.93C_)2I,V(p- i-,)- R,,._-o
/3R(w°p °) --- I.i × 10-4C21 p-i, l+R,_opo(l-p+iq)I 2

BR(ICsp °) = 3.5 x 10 -4 (1.9C1) 2 ]A2(p - i:l)- Rz,-spo] 2

flR(p°p °) = 7.2 x 10 -sC_ p-ir/+Rp0p0(1-p+ir/)2 (33)

where BR(p°p °) corresponds to the final state of zero helicity.
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Table 1

p= 0.2 p=0.4
r/= 0.3 r/= 0.3

a BR 5 BR

It+Tr- 0.66 1.2 x 10-5 0.82 2.4 x 10-s

7r°r° 0.93 5.9 x 10-v 0.95 1.1 x 10-6

Nsf ° 0.55 2.2 x 10-6 0.74 2.0 x 10-6

_r°p° 0.76 1.6 x 10-6 0.86 3.1 x 10-e

Ksp ° -0.52 2.6 x 10-s 0.27 4.3 x 10-s

popo 0.82 1.1 x 10-6 0.89 2.1 x 10-6

Table 1" The asymmetries and BRs for two points of the ambiguity
curve _t(qZK s ) - fz(r + Tr-).
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Figure 1: The ambiguity curve corresponding to h(q_Ks) = a(:C+Tr-).
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Figure 2: The asymmetries along the ambiguity curve a(_Ks) = a(r+r-).
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