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CP asymmetries in charmless baryonic decays of charged 8 mesons
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The CP asymmetry in charmless inclusive hadronic decays of charged B mesons is calculated in

the three-generation Kobayashi-Maskawa model. Asymmetries are found favoring the decays of
B+ over B which may be as large as 3% and 5% for strangeness zero and one final states, respec-
tively. It is suggested that asymmetries at this level or larger may be observable in the decay modes
B—~pp~ —and B—+~ppK —.

CP violation in charged 8 decays may be manifested by
the observation of partial rate asymmetries between cor-
responding charge-conjugate final states in 8 and 8+
decays. ' Such asymmetries require the existence of two
difFerent decay mechanisms for a given final state. The
two mechanisms must have di6'erent CP-violating weak
phases as well as difFerent final-state strong-interaction
phases, or some other phases which are invariant under
charge conjugation. Charmless hadronic 8 decays have
all these necessary ingredients.

The ARGUS Collaboration has recently reported the
first charged-8 decay mode to a charmless final state,
with branching ratio

B(B—
ppvr )=(5.2+1.4—+1.9) X 10

While the CLEO Collaboration does not confirm the
ARGUS observation, setting an upper limit of about 2
parts in 10 for this branching ratio, the two experi-
ments are compatible with one another if B(B-
~pPm —)=(1—2)X10 . A question of immediate in-
terest is the expected CP asymmetry in this and similar
baryonic modes.

The purpose of this paper is to calculate the CP asym-
metry in inclusive charmless hadronic 8 —decays in the
standard Kobayashi-Maskawa (KM) three-generation
model, and to discuss its implication in decay modes of
the type pp ~ and ppE.

The inclusive CP asymmetry was first studied in Ref. 1.
This work was carried out prior to measurements of the
b-quark weak mixings. We shall present new estimates
based on the present status of the weak mixing matrix.
We then estimate rates and asymmetries both in semi-
inclusive baryonic modes and in exclusive final states,
with the help of considerations such as those presented in
Ref. 7. An independent estimate of inclusive CP asym-
metries for charged-8-meson charmless decays has ap-
peared recently while the present work was being com-
pleted. The exclusive modes discussed in Ref. 8 do not
include baryons, and conclusions somewhat more pes-
simistic than ours are reached regarding the observability

of CP asymmetries in exclusive modes.
To set the stage, let us recall recent estimates of the

charmless inclusive rates of the two interfering mecha-
nisms.

In the strangeness-one channel, the loop-induced (so-
called "penguin") inclusive b —+s branching ratio is at the
level of 1 —2% (Refs. 9 and 10) depending somewhat on
the unknown t-quark mass. In fact, we shall be con-
cerned with the rate for b~s+ [nonstrange light qq
pair(s)], which will be estimated using results of Ref. 10
to be somewhat smaller. This dominant mechanism is to
be compared with the smaller tree-level b~uus decay,
for which the expected branching ratio is about 4%

~ V„b/V, t, ~
. The limits ' ' 0.07(

~ V„b/V, b~ (0.2 yield
branching ratios in the range 0.02 —0.2 %.

The opposite situation occurs in strangeness zero final
states. Here the tree-level b ~uud decay is the dominant
one with an inclusive branching ratio of 4%%uo

~ V„~ /0. 2 V,b ~
. The corresponding loop-induced rate

may be as large as 0.4% (Refs. 11 and 12) though a small-
er rate cannot be excluded on the basis of present infor-
mation on the quark mixing matrix.

These estimates indicate that in both strange and non-
strange charmless final states of 8 decays, one may en-
counter the interesting situation of having two interfering
mechanisms with comparable amplitudes. Substantial CP
asymmetries can then arise.

As pointed out in Ref. 1, the CP asymmetry follows
primarily from the CP-odd interference of the intrinsical-
ly real tree-level ("spectator") b quark decay -and the
complex loop-induced ("penguin") b —+d (s) decay (see
Fig. 1 in Ref. 1). We have calculated this interference in
analytic form (the CP even interference was ca-lculated in
Ref. 12). The dominant contribution'3 comes from the
interference of the absorptive part of the physical of cc
quark pair in the penguin diagram with the intrinsically
real tree-level diagram.

To illustrate the origin of the CP asymmetry, we write
the relevant amplitudes contributing to decays to non-
strange hadrons as
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A(b~uud)=[AT+(Ap„+iAf, „)]V„bV„*q

+ ( AP +i Af) ) V b V ~ + AP) Vtb V(~ (2)
I(g):—I dx(1 —x) (1+2x) 1—

x

' 1/2

i A(b duu)i —
i
A(b duu )i

(A(b~duu)( +(A(b~duu)(
= Re(pgpgM) —Re(pgp~M),

where we have defined

(3)

Here AT is the (intrinsically real) tree amplitude, while
and Az, - are the real and imaginary parts of the

penguin amplitude with quark i =u, c, t in an internal
loop. The amplitude for the charge-conjugate process
contains complex-conjugated Kobayashi-Maskawa (KM)
factors, but the phases of the penguin amplitudes remain
the same. The asymmetry Ao (the subscript will denote
strangeness) for duu final states is then

(10)

We neglect the small contribution of the color-magnetic
form factor, which may be enhanced, however, by QCD
corrections. ' ' The integral I(g) is very sensitive to
the value of g=(2m, /mb) . We use constituent-quark
masses' rn, =1.66 GeV/c, mb =5.0+0.3 GeV/c (th
actual error allowed in Ref. 16 on mb —m, is only about
+50 MeV/c ), and we obtain /=0. 44+0'o&, I(g)
=0.077+0.024. With a, (mb)=0. 19 (see Ref. 17), we
then find [taking

~ V,& ~
=

~ V„, ~

=0.22 and the central
value of I(g)]

1% & —Ao/sing= 1.9 X 10
~
V b /V„b ~

& 3% . (11)

Ap, +i Ap,

AT
(4)

For decays into final states with a single strange hadron,
the penguin amplitude provides the dominant contribu-
tion. Here we must be concerned with the b ~sdd ampli-
tude, which contributes to the total inclusive rate for

cb cd
PKM =

ub ud
b ~s + [nonstrange light qq pair(s ) ] (12)

~.b ~d'='"
v v*

ub ud

(6)

and the result ~p„pi:M~ &&1 has been anticipated in ob-
taining the second line of Eq. (3). Defining' ' but not to the asymmetry. We shall estimate on the basis

of the calculation in Ref. 10 for b ~sqq and b ~sgg that
the rate for Eq. (12) is about —,

' of the inclusive b —+s rate.
We then find the asymmetry A

&
for a single strange par-

ticle in the final state to be

we find'

V.b ~.d
Ao = —2 Imp„sining ~.b &.d

1 (b —+suu, sdd, sgg ) —I (b ~suu, sdd, sgg )

I (b suu, sdd, sgg )+I (b suu, rdd, sgg )

48m ~V V b~ Ising
F(m„m, )

(13)

I (b ~duu )
—I (b ~duu )Ao=

I (b ~duu )+ I (b ~duu )

mb
sing, (9)

where I is related to the numerator of Eq. (8) and is given
by

Here

Imp „—AI,, / A T
—A T* A p, /

~
A T

Equation (7) makes it clear that the sign of the asym-
rnetry is uniquely predicted in terms of KM phases and
kinematic factors associated with tree and penguin ampli-
tudes. Here we have suppressed an integration over
final-state variables which must be performed in Eqs. (3)
and (8).

The penguin amplitude also leads to the final states
ddd, dss, and dgg. However, since there are no tree con-
tributions to these final states, they do not contribute to
the numerator of Eq. (3). Their contribution to the
denominator is small since the tree amplitude is expected
to be the dominant process for nonstrange final states.

An explicit calculation in which integration is per-
formed over kinematic variables of the final state leads to

F(m„m, )=
ln ( m, /m, ), m, ((m ~
ln (mii, /m, ), m, ~ mii,

(14)

For the range' 40&m, &200 GeV/c the actual values
of F are smaller by about 10% and we find

l%%uo (—A i /Sing=(0. 19+0.04)
~ V„b/V, b ~

& 5%%uo (15)

where the uncertainty in the numerical coeKcient rejects
the unknown t-quark mass.

Equations (11) and (15) show that quite sizable asym-
rnetries, up to a few percent, are expected in both
strangeness zero and one inclusive channels for large
values of the CP phase P. Note that Ao and A i depend
on

~ V„b /V, b ~

in inverse forms.
At present the CP phase P is badly determined. From

studies of CP violation in the neutral K system and from
8 Bmixing, one infe-rs that P may take almost any
value aside from those near 0 or n. For small values of
m, (45 —50 GeV/c ) one finds 125' (P ( 150', with

~ V„b/V, b ~
required to be close to its present upper limit.

For larger m„ the restrictions on p and
~ V»/V, b ~

be-
corne weaker. Finally, for m, =200 GeV/c, any value

The function F(m„m, ), obtained from Ref. 18, has the
following approximate forms for the respective ranges of
m, :
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within the bounds 20 &/ &170', 0.07&
l V„i, /V, bl &0.2

is allowed [the recent CLEO result weakens the lower
bound on

l V„b/V, bl further to approximately 0.04; the
upper bound in Eq. (11) is then increased, while the lower
bound in Eq. (15) is decreased accordingly].

One may optimistically hope that P is not too far from
90', so that asymmetries as large as a few percent may be
obtained in inclusive charmless decays.

%'e now turn to estimates of the CP asymmetry in ex-
clusive B decays. Here, a twofold difficulty enters. First,
the overlap in kinematics ' and isospin may be different
from that for free quarks and may be hard to estimate.
As in D and D+ decays, certain matrix elements may
enhance some isospin amplitudes relative to others.
Second, final-state interaction phases can be generated by
the rescattering of the outgoing hadrons. One has some
evidence for this effect, for example, in D ~Km decays.
These phases, which are hard to determine, will in gen-
eral affect the CP-odd asymmetry.

To elucidate this last difficulty let us denote the tree-
level and penguin four-fermion operators by O„and
O~,„=O~,„+O~,„(separated into the c and t--quark
terms), respectively. These operators contain phases due
to KM elements, which are complex-conjugated for
charge-conjugate processes. In addition, the matrix ele-
ments of these operators will in general pick up different
final-state-interaction phases, 6„and 5„,„, due to their
different isospin structure. Thus the decay amplitude of
8 =bu to a final state fwill be given by

A(8 ~f )=~f IO„IB

+(e "(halo;,„lB-)
+(,flO,',„lB ))e"""

Here 0 is the phase associated with the fact that the c-
quark penguin graph contributes both real and imaginary
parts for gluon momentum transfers above cc threshold.
The phases 5„, 8... and 6p,„are all invariant under
charge conjugation. The matrix elements may consist of'

sums of various isospin and angular momentum ampli-
tudes, with different final-state phases for each. The CP
asymmetry, which depends on the generally unknown
phase difFerence 6„—6,„, may average out to a smaller
value when kinematic and isospin sums are taken.

In order to bypass these difficulties when studying de-
cay modes of the type 8 ~pp ~ and B —+pe% one
may make some simplifying assumptions. Let us consid-
er the semi-inclusive decays 8 ~NN+(any number of
pions) and 8 —+A(X)N or NNK+(any number of
pions), where baryons from charm decay are excluded.
These processes may be described by a free quark decay
followed by the fragmentation of the outgoing quarks
into the observed baryon [N or A (X)]. Two quarks al-
ready emerge from the weak vertex. It is reasonable to
assume that these pick up a third quark from the vacuum
to form the baryon. One may expect this semi-inclusive
process to occur with approximately equal rates in the
tree-level and penguin diagrams, which have similar kine-
matics.

B(B ~[A(X)N or NNK]+nor)

(0. 1 —0.2)% (penguin), (18a)

2X10
l V„b/0. 2V,& l (tree level) . (18b)

At this point it is useful to introduce a simple
mnemonic for the smallest number of events needed to
display an asymmetry, given two interfering processes
with sufticiently different amplitudes. Let the processes
for b decay have amplitudes 2, and A 2e, where 5I is

i6I

the relative final-state phase, and assume
l A2l «

l A, l.
Then

I (b~f) 1(b~f)—
sjn5KMs&n5y

1 (b f)+1 (b f )

where 5KM=arg(A2/Az). The number N„of b~f and
b +f events neede—d to see an asymmetry of N standard
deviations is approximately

N'l A, /A, l'
N, „=N /A

4 sin'6KMsin'5f

N 8, /82
4 sin 6KMsin 5~

(20)

where B& is the branching ratio for the more frequent
processes [e.g., (17a) or (18a) in the example above] and
B2 is the branching ratio for the less frequent process
[e.g. , (17b) or (18b) in the above example. ] Then the total
number of B+B decays needed is approximately

N„, =N,y/Bi =N'(482»n'5~M»n'5I) (21)

The required number of euents is governed by the branch
ing ratio for the rarer process, and to this approximation
the branching ratio for the more frequent process does
not appear.

Let us apply this rule to the charmless semi-inclusive
'baryonic decays of B mesons, whose expected branching
ratios are indicated in Eqs. (17) and (18). Notice that the
rarer processes in Eqs. (17) and (18) each have branching
ratios of the order of 10 . Then for a signal of N stan-
dard deviations, we need to observe a total of
—10 N (4sin 5&Msin 5/) '8 +8+ decays.

For the processes (17) and (18), sin 5KM= sin P, where

One may further assume that the fractions of baryonic
decays in S=O and 1 charmless hadronic final states are
each about equal to that for charmed baryons in charmed
hadronic final states. This last fraction has been mea-
sured to be about I0% of the total hadronic rate. %e
shall assume that this same fraction represents the
charmless semi-inclusive baryonic rates, so that

B(B ~NN+ n n).
0.4%l V„b/0. 2V,bl (tree level), (17a)

(1—4) X 10 (penguin), (17b)
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mI
tanO

in[min( m „m~ ) /m, ]

=0.06 for m, ~ m~ . (22)

P is the angle defined in Eq. (6). The value of sin 5&M
then can be as large as 1 or as small as about —,', . The
phase 6& can be estimated crudely on the basis of the c-
loop contribution to the penguin graph discussed earlier.
This should be considered to be merely an educated
guess, since the relative phase between the direct and
penguin amplitudes may be affected by the baryon-
antibaryon spin structure already at the semi-inclusive
level. In reality the sign and magnitude of 6& may differ
from our free-quark estimate. Comparing the imaginary
part [Eq. (10)] and the real part of the corresponding
overlap integral of the penguin and tree contributions,
one finds

8 (8 +p—per )

(3—6) X 10
~ V„b/0. 2V,b ~

(tree level),

(24a)

(1—4) X 10 (penguin), (24b)

(3—6) X 10 (penguin),

( l. 5 —3) X 10 (tree level).

(25a)

(25b)

In Eq. (25b) we have used our estimate of the average of
results from Refs. 3 and 4, 8 (8+~pp—vr )—
= ( 1 —2) X 10, and multiplied it by a factor

Taking the central values of Eq. (24) and (25), and as-
suming KM and final-state interaction phases P and 6&,
respectively, one estimates according to Eq. (19) that

Equation (22) is a good approximation for the b —+s pro-
cess, for which the dominant contribution comes from
the c loop, with a small correction from the t loop. For
the b~d process, which may have an equally large u-
loop contribution, Eq. (22) is qualitatively good (to within
a factor of 2) and becomes quantitatively correct in the
limit that

~ V„b /0. 2 V,b ~

(& 1. We thus estimate
sin 6f 25o with smaller values possible only if the esti-
mate (17b) significantly exceeds its lower limit.

We now combine the results for 5KM and 6& with Eq.
(21) and the estimate 82 = 10 . We then find that

X„,~ [(5X 10 ) —(1.5X 10 )]X (23)

charged 8 decays are needed to observe an asymmetry at
the X-standard-deviation level in charmless semi-
inclusive baryonic modes.

It is possible that sin 6& could be considerably larger
than our estimate if inclusive processes involving baryons
in the final state are governed primarily by large values of
q (above cc threshold) (we expect this to be more likely,
however, for the exclusive low-multiplicity processes dis-
cussed below). The phase |ij associated with the c-loop
penguin diagram (which, we have argued, provides a
dominant contribution to the penguin amplitudes), is 19'
at the top of the kinematic range for m, ~ m ~, so sin 5&
can be as large as 0.1 (for m, 5 mii, the phase 5& can be
even larger).

Turning now to specific exclusive modes, such as pp~
and ppE, one may assume that these will appear in
about lo and 3o of all the corresponding S =0 and S =1
inclusive baryonic events. The first fraction describes
reasonably well the branching ratio of 8 ~ppm (as-
suming that the results of Refs. 3 and 4 are compatible
with one another). For

~ V„&/V,b ~

=0. 15, this branching
ratio would be predicted to be about 2 X 10 ". The
second smaller fraction follows from the three times
larger number of available S =1 three-body modes. In-
cluding a factor of 2 uncertainty in the estimates of these
fractions we find

I (8 +pp~ )——I (8+~ppm+).
A 8 +pp 7—r-

r(8 pp~ -)+ r(8-+ pp~+ )

= —0.7 sing sin5&, (26)

r(8 pp K —
) r(8+-—pP K+ )

A 8 —~ppK — —=

r(8 ~ppK )+I (8+—
ppK+)

= —0.5 sing sin5& . (27)

Choosing Bz(pprr ) =(1—4) X 10 and 82(ppK +)—
=(1.5 —3) X 10 in Eq. (21), with our educated guess of
sin 5& ——„'„we estimate that to observe an asymmetry
signal of X standard deviations in ppm

—and ppK —we
would need to observe a total of at least (2 X 10,
2 X 10 )N /sin P charged 8 decays.

We note that, as for semi-inclusive decays, the average
q which contributes to the final state affects our estimate
of the final-state phase 5&. For a low-multiplicity baryon-
ic final state, in which the baryon and antibaryon appear
to emerge nearly back to back, it is quite likely that the
q value is near the top of its kinematic limit. As we have
noted, sin 5& then can be as large as =0. 1 if the penguin
amplitude is dominated by the charmed-quark loop. This
appears to be the case for b ~s, and also is true for b ~d
if

~ V„b/V, b ~
is not too close to its present upper limit.

We have not addressed the very important question of
hadronic final-state interactions in exclusive modes. For
two-body 8 decays, in which all relative subenergies are
large, one expects such final-state phases to be dominant-
ly imaginary, corresponding to absorption. One might
expect a similar regularity for three-body decays, in
which case all final-state rescattering phases would be
identical, and one would be left with the phase 0 dis-
cussed previously.

Recently Barshay, Eich, and Sehgal studied CP viola-
tion in 8+ ~ppm. —decays. They find the total CP asym-
metry is about 0.07%, nearly 2 orders of magnitude
below our estimate. Their calculation relies on the in-
terference of the tree-level decay amplitude with the
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long-distance penguin contribution of the g, intermediate
state. This contribution is much smaller than that of the
short-distance penguin amplitude we use, explaining the
discrepancy between our results.

To summarize, we have discussed asymmetries in
charmless decays of charged B mesons, in inclusive final
states, semi-inclusive processes involving baryons, and
exclusive final states such as ppm

—and ppK —.The useful-
ness of these last states will, of course, depend on whether
the ARGUS signal is eventually confirmed. We stress
that, as in any of the CP asymmetries involving interfer-
ence of two processes with very different rates, the num-
ber of events required to observe the asymmetry is
governed by the rarer decay process. It is then particu-
larly important to verify experimentally the prediction of
Refs. 11 and 12 that penguin b ~d processes account for

(0. I —0.4)% of all B meson decays. An alternative test of
the importance of loop-dominated processes, on which
our estimates are based, is an observation of the ppK
mode at the level predicted here.
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