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Prospects for DirectCP Violation in Exclusive and Inclusive CharmlessB Decays
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Within the standard model,CP rate asymmetries forB ! K2p1,0 could reach 10%. With strong
final state phases, they could go up to 20%–30%, even for theK̄0p2 mode which would have the
opposite sign. We can account forK2p1, K̄0p2, andfK rate data with new physics enhanced color
dipole coupling and destructive interference. Asymmetries could reach 40%–60% forKp and fK
modes and are all of the same sign. We are unable to account for theK2p0 rate. Our inclusive study
supports our exclusive results. [S0031-9007(98)08019-3]
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Half a dozen charmless two-bodyB decays appeared in
1997 [1], suggesting that loop inducedb ! s penguin pro-
cesses are prevalent. Recently, theK̄0p2 rate has come
down, and theK2p0 mode has just been observed [2
Together withK2p1, all three modes are now.1.4 3

1025, with error bars of order 30%. The limit on the
pure penguin modeB ! fK , 0.5 3 1025, however, is
rather stringent. At present, one hasO s10d events per ob-
served mode. AsB Factories turn on at SLAC and KEK,
and with the CLEO III upgrade at Cornell, these numbe
should increase toO s102d per experiment in two years and
to O s103d in five years. Many new modes would als
emerge. Equally crucial, one would finally have eve
by eventKyp separation. Thus,direct CP violating rate
asymmetries (aCP) at 30% and down to10% levels can be
probed in the above time frame. It is important to kno
whether such largeaCPs are possible, and, if observed
whether they would signal the presence of new physics

Within the standard model (SM),aCP for b ! s modes
are suppressed by [3] ImsVusV p

ubdysVcsV p
cbd . hl2 ,

1.7%, wherel > jVusj and h , 0.36 is the singleCP
violating parameter in the Wolfenstein parametrizatio
of the Kobayashi-Maskawa (KM) matrix. Asymmetrie
need not be small, however, when both tree and pengu
contribute, such as for thēB0 ! K2p1 mode, where
destructive interference could lead toaCP , 10%. If final
state interaction (FSI) phases are present,aCPs could even
reach beyond 20%. But, as we will show, a combine
study of several modes can distinguish between F
phases or the presence of new physics. In contrast, p
penguinb ! ss̄s modes have only one single amplitude
and within SM the,hl2 suppression cannot be evade
They are hence sensitive probes of new physics pha
The observation ofaCP above the 10% level in these
modes would be striking evidence for physics beyond S

We shall study both exclusive and inclusiveaCPs for
charmless bspbd ! sspsdq̄spq̄dqspqd decays, starting
from the effective Hamiltonian
0031-9007y98y81(26)y5738(4)$15.00
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Heff ­
4GFp

2
fVubV p

ussc1O1 1 c2O2d 2 VibV p
isci

jOjg ,

(1)

wherei is summed overu, c, t andj is summed over3 to
8, with operators defined as

O1 ­ ūagmLbb s̄bgmLua , O2 ­ ūgmLbs̄gmLu ,

O3,5 ­ s̄gmLbq̄gmLsRdq ,

O4,6 ­ s̄agmLbb q̄bgmLsRdqa ,

Õ8 ­
as

4p
s̄ismnTa mbqn

q2 Rbq̄gmTaq ,

where Õ8 arises from the dimension 5 color dipoleO8
operator, andq ­ pb 2 ps. We have neglected elec-
troweak penguins for simplicity. The Wilson coefficients
ci

j are evaluated to next-to-leading order in a regularizatio
scheme independent way, formt ­ 174 GeV, assm2

Zd ­
0.118, and m ­ mb ­ 5 GeV. Numerically [4],c1,2 ­
20.313, 1.150, ct

3,4,5,6 ­ 0.017, 20.037, 0.010, 20.045,
andcSM

8 ­ ct
8 2 cc

8 ­ 20.299. For absorptive parts, we
add c

u,c
4,6 sq2d ­ 2Nc

u,c
3,5 sq2d ­ 2Pu,csq2d for c and u

quarks in the loop, where8pPu,csq2d ­ asc2f10y9 1

Gsm2
u,c, q2dg, and Gsm2, q2d ­ 4

R
xs1 2 xd dx 3

lnfm2ym2 2 xs1 2 xdq2ym2g. To respect CPT sym-
metry and unitarity atO sa2

Sd, one must properly [3]
include the absorptive part of the gluon propagator fo
the b ! sūu mode. Hence, forct

328 at m below mb ,
we substitute4p Im c8sq2d ­ asc8

P
u,d,s,c Im Gsm2

i , q2d,
and 8p Im ct

4,6 ­ 28pN Im ct
3,5 ­ asfct

3 Im Gsm2
s , q2d 1

sct
4 1 ct

6d
P

u,d,s,c Im Gsm2
i , q2dg, but only when these

interfere with the tree amplitude.
We use theÕ8 operator to illustrate the possibil-

ity of new physics inducedaCP. Although b ! sg
(with g “on-shell” or jetlike) is only ,0.2% in SM,
data still allow [5] it to be ,5% 10%, which would
help alleviate [6] the long-standing low charm count-
ing and semileptonic branching ratio problems. Th
© 1998 The American Physical Society
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recent discovery of [7] a surprisingly large charmles
B ! h0 1 Xs decay could also be [8] hinting atjc8j , 2.
Such a large dipole coupling would naturally carry
KM-independent CP violating phase, c8 ­ jc8jeis ,
and aCP , 10% in the mXs spectrum ofB ! h0 1 Xs

is possible. Clearly,such a new phase could lead to larg
aCP in a plethora ofb ! sq̄q modes[9].

The theory of exclusive rates is far from clean. On
needs to evaluate all possible hadronic matrix elements
products of currents. Faced with recent CLEO data, ma
theorists have advocated [10] the use ofNeff fi 3 as a
process dependent measure of deviation from factorizati
which becomes a mode by mode fit parameter. One s
has to assume form factors and pole values, and, foraCP

evaluation, theq2 value to take. The latter is further
s

a

e

e
of

ny

on,
till

clouded by FSI phases. Even with such laxity, there a
problems [10] already in accounting for observed rate
Theh0K andvK modes appear to be high, while the yet t
be observedfK mode seems too low and hard to reconci
with largeh0K. We refrain from studyingB ! h0K as it
probably has much to do with the anomaly mechanism.

Our central theme is whether largeaCP is possible
in b ! s modes, and, if so, how would they signal th
presence of new physics, such as enhancedc8. We find
that SM alone allows for sizableaCP in Kp-type modes.
This is important for the early observability ofaCPs, so
let us first investigate theKp modes.

The K2p1 mode receives both tree and penguinb !
sūu contributions; hence we separate into two isosp
amplitudes,A ­ A1y2 1 A3y2. We takeNeff . N ­ 3,
assume factorization and find
A1y2 ­ i
GFp

2
fKF0sm2

B 2 m2
p d

Ω
V p

usVub

∑
2
3

µ
c1

N
1 c2

∂
2

r
3

µ
c1 1

c2

N

∂∏
2 V p

jsVjb

∑
c

j
3

N
1 c

j
4 1

2m2
K

smb 2 mud sms 1 mud

µ
c

j
5

N
1 c

j
6

∂
1 djt

as

4p

m2
b

q2 c8S̃pK

∏æ
,

(2)
(
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are
and for A3y2 [11] one setsc
j
328 ! 0 and 2y3, 2ry3 !

1y3, ry3. Here,F0 ­ FBp
0 sm2

K d is a form factor,S̃pK ,
20.76 is a form factor normalized toF0 coming from
the matrix element of̃O8 (with further assumptions), and
r ­ fpFBK

0 sm2
p d sm2

B 2 m2
K dyfKFBp

0 sm2
K d sm2

B 2 m2
p d.

The K2p0 mode is similar, with changes inA3y2 and
an overall factor of1y

p
2. Since penguins contribute

only to A1y2, for B2 ! K̄0p2 one has just Eq. (2) with
c1,2 ! 0. The c5,6 terms are sensitive to current quar
masses because of effective density-density interacti
The impact of thec8 term is small in SM.

The absorptive parts forc
j
328 are evaluated at some

q2. We takeq2 ø m2
by2 which favors largeaCP, but it

could be as low asm2
by4 [3]. In the usual convention, the

dispersive part of the second term of Eq. (2) is negativ
while the sign of the first term depends on cosg whereg ­
argsV p

ubVusd. For cosg . 0 which is now favored,aCP

is enhanced by destructive interference, but for cosg , 0
the effect is opposite [3]. This can be seen in Figs. 1
and 1(b) where we plot the branching ratio (Br ) andaCP

vs g. For K2p1,0, aCP peaks at the sizable,10% just
at the currently favored [12] value ofg . 64±. But for
K̄0p2, aCP , hl2 is very small. We have usedmssm ­
mbd . 120 MeV [13] since it enhances the rates. Wit
mssm ­ 1 GeVd . 200 MeV, the rates would be a factor
of 2 smaller. We findK2p1, K̄0p2, K2p0 , 1.4, 1.6,
0.7 3 1025, respectively. The first two numbers agre
well with experiment [2], butK2p0yK2p1 , s1y

p
2 d2

seems too small.
k
on.

e,

a)
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As noted some time ago [3], theKp modes are sensi-
tive to FSI phases of the two isospin amplitudes. If the F
phase differenced is large, it could easily overwhelm the
meagerperturbativeabsorptive parts controlled by “q2.”
Neglecting an overall phase, we writeA ­ A1y2 1 A3y2eid

and plot in Figs. 1(c) and 1(d) theBr and aCP vs d for
g ­ 64±. The rate is not sensitive tod which reflects pen-
guin dominance over tree, butaCP can now reach 20%,
even 30% forK2p0. We stress that thēK0p2 mode is in
fact also susceptible to FSI phases, as it is the isospin p
ner ofK2p0 which does receive tree contributions. Whe
d fi 0, tree contributions enterB2 ! K̄0p2 through FSI
rescattering. Comparing Figs. 1(b) and 1(d),aCP in this
mode can bemuch largerthan naive expectations. How
ever, being out of phase withK2p1, comparing the two
cases can give information ond.

To illustrate physics beyond SM, we keepN ­ 3 but set
c8 ­ 2eis. Since thec8 term now dominates, the result
are not sensitive to the FSI phased. We plot in Figs. 1(e)
and 1(f) theBr andaCP vs the new physics phases, for
g ­ 64± andd ­ 0. The K2p1 and K̄0p2 modes are
close in rate fors , 45± 180±, but theK2p0 mode is
still a factor of 2 too low. However,aCP can now reach
50% for K2p1yK̄0p2 and 40% forK2p0. Such large
asymmetries would be easily observed soon. They
in strong contrast to the SM case with the FSI phased,
Fig. 1(d), and distinguishable.

Genuine pure penguin processes arising fromb ! ss̄s
give cleaner probes of new physicsCP violation effects.
The amplitude forB2 ! fK2 decay is
AsB ! fKd . 2 iGFffmf

p
2 pB ? ´fF1sm2

fdV p
jsVjb

3 hscj
3 1 c

j
4yN 1 c

j
5djq2

2
1 scj

3yN 1 c
j
4 1 c

j
6yNdjq2

1
1 djtasm2

bc8S̃fKy4pq2
1j . (3)
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FIG. 1. Br andaCP [(a) and (b)] vs SM unitarity angleg; (c),(d) FSI phased for g ­ 64±; and (e),(f ) new physics phases for
g ­ 64± andd ­ 0. Solid, dotted, dashed, and dot-dashed lines are forK2p1, K̄0p2, K2p0, andfK, respectively.
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The annihilation contributions which we have neglecte
are small, and the tree annihilation contributions are fu
ther suppressed by the KM factor. We have also dropp
the color octet contributions and have checked that th
are small. The relevantq2 is determined by kinematics:
q2

1 ­ m2
by2 as before, but for amplitudes without Fierz

ing q2
2 ­ m2

f. Since the amplitude is now basically pur
penguin,c8 should have no absorptive part. As seen fro
Figs. 1(a) and 1(b), the SM rate of,1 3 1025 is a bit
high while aCP is unmeasurably small. Forc8 ­ 2eis ,
the results are plotted in Figs. 1(e) and 1(f) vss. The
rate is lower than thēK0p2yK2p1 modes because it is
not sensitive to1yms. TheaCP could be as large as 60%
whenc8 and the SM amplitude interfere destructively.

One can now construct an attractive picture. As com
mented earlier, recent studies cannot explain the lowB !
fK upper limit. If c8 is enhanced and interferes destruc
FIG. 2. Inclusive branching ratios vsy ­ q2ym2
b for (a) b ! sd̄d, (b) b ! sūu, and (c)b ! ss̄s decays (solid) and̄b decays

(dashed). The curves with prominent smally tail are forc8 ­ 2eis with s ­ py4 (top), py2 (middle), and3py4 (bottom), while
the other is the SM result.
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tively with SM, B ! fK can be brought down to be
low 5 3 1026. The experimentally observed̄K0p2 .
K2p1 follows from c8 dominance, and theBr value
.1.4 3 1025 which is 2–3 times larger than thefK mode
suggests a lowms value and slight tunings of form fac-
tors. Arounds , 145±, the rates are largely accounte
for, but aCP for fK, K2p1yK2p0, andK̄0p2 could be
enhanced to the dramatic values of 55%, 45%, and 35
respectively. We do fail to account for theK2p0 rate,
which is comparable to thefK mode. We note that, with
recalibration of CLEO II data and adding a similar amou
of CLEO II.5 data, theK̄0p2 rate came down by 40%
[2]. Thus, aK2p0 rate lower than the present prelim
nary result cannot be excluded. If the current result
K̄0p2 . K2p1 . K2p0 . 1.4 3 1025 persists down
to errors of, say, 15%, the enhancedc8 model would be
in trouble. From Figs. 1(a) and 1(c) we see that SM w
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TABLE I. Inclusive Br (in 1023)yaCP (in %) for SM and forc8 ­ 2eis.

SM s ­ 0 ip

4
ip

2
i3p

4
ip

b ! sd̄d 2.6y0.8 8.5y0.4 7.6y3.4 5.2y6.5 2.9y8.1 1.9y0.5

b ! sūu 2.4y1.4 8.1y20.2 7.5y2.6 5.5y5.6 3.2y8.1 2.0y3.5

b ! ss̄s 2.0y0.9 6.9y0.4 6.2y3.2 4.4y6.0 2.6y7.1 1.8y0.4
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Eq. (1) also does not suffice, even with FSI phases, a
other effective interactions such as electroweak pengu
have to be included.

We are barely able to accommodateB ! vK. Within
SM 1yNeff , 1 is needed to account forB ! vK .
1.5 3 1025, while for1yNeff , 0 one accounts for at most
only half. Withc8 ­ 2eis , we can account forBr for both
large and smallNeff, but not forN ­ 3. However,aCP is
never more than a few percent and not very interesting

To gain better understanding, we discuss briefly incl
siveb ! sq̄q decays, where the theory is cleaner. The e
istence ofb ! sg at lower order implies a logq2 pole for
the jc8j

2 term, which we simply cut off atq2 . 1 GeV2.
The pure penguinb ! sd̄d case is the simplest since
c1,2 do not contribute. The results for SM and sever
jc8j ­ 2 cases are given in Fig. 2(a) and Table I. Th
low q2 pole is not prominent andaCP is indeed small
in SM, arising mostly from below̄cc threshold. For en-
hancedc8, however, both the lowq2 pole and theaCP

abovec̄c threshold become significant. The overallaCP

is not much larger than the SM case, since theūu cut
and hence the asymmetry belowc̄c threshold is still sup-
pressed byV p

usVub. However, above thēcc threshold
aCP is of order 10%–30%, which confirms our exclu
sive findings, and perhaps can be probed by the partial
construction technique developed in Ref. [14]. We no
that for the destructive interference case ofs ­ 3py4,
the rate is comparable to SM andaCP is the largest.
The b ! sūu process receives tree contributions als
Keepingc1 andc2 in the calculation, the results are give
in Fig. 2(b) and Table I. We now have to include gluo
propagator absorptive parts forct

328 terms when they in-
terfere with tree amplitude. As noted in Ref. [3], in SM
the aCP tends to cancel betweenq2 below and abovēcc
threshold, but in each domain theaCP could be of order
10%, supporting ourB ! K2p1,0 studies. Forjc8j ­ 2,
rather largeaCP can arise above thēcc threshold. Forb !
ss̄s [Fig. 2(c)] mode, interference with exchange graph
from identical particle effects leads to peculiar shapes a
smears out the rate asymmetry to allq2, but the qualitative
features are similar to theb ! sd̄d case. Our inclusive
results therefore provide qualitative support of our excl
sive studies.

We conclude that the prospects are rather bright f
observing largeCP violating asymmetries in charmless
b ! s decays in the near future. Within SM,aCP , 10%
for K2p1 and K2p0 for g , 64± which is currently
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favored, but,1% for K̄0p2 and fK. With large FSI
phased, aCP in Kp modes can be enhanced to 20%–30%
even for the naively pure penguin̄K0p2, but the latter
would typically have a sign opposite toK2p1yK2p0.
Enhanced color dipolec8 , 2eis could explainK̄0p2 ,
K2p1, which are split upwards from thefK mode by
a low ms value. Destructive interference withs , 145±

seems to be favored by present data onK2p1, K̄0p2,
andfK. The correspondingaCP would be,35% 45%
for Kp modes and55% for fK, which should be easily
observed and rather distinct from the SM case with
without FSI phase. We are unable to account for the new
observedK2p0 rate. Noting that theK̄0p2 rate came
down recently, we wait for further confirmation of presen
data. Our inclusive study supports our exclusive finding
Our results on largeaCP in charmlessb ! s decays can
be tested soon at theB Factories.
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