
VOLUME 62, NUMBER 24 PHYSICAL REVIEW LETTERS 12 JUNE 1989

Fourth-Generation Effec on CP Violation in B = KP Decays

Morimitsu Tanimoto
Science Education Laboratory, Ehime University, 790 Matsuyama, Japan

(Received 3 February 1989)

CP-violating asymmetries in the 8 It p decays are studied in the four-generation model. The ab-
sorptive part in the penguin amplitude leads to the CP-violating asymmetry in the 8„— K —

p decays,
which could be as large as + 15% in the four-generation model, although it is at most a few percent in

the three-generation model. The asymmetry between the BP Ksop and Bd Ksop decays is also ex-
pected to be +'10% on Y(4S) through the penguin absorptive part with the contribution of the fourth-
generation quark.

PACS numbers: 13.25.+m, 11.30.Er, 12.15.Ff

The charmless nonleptonic decays of the 8 meson are
expected to provide a sensitive test of the standard mod-
el. In particular, the processes involving three s quarks
in the final state are rare decay modes because the dom-
inant processes are the loop-induced b~ sg transitions,
the so-called penguin diagrams. ' One typical mode of
these rare decays is the 8 Kp process, which has been
studied by some authors. ' Recently, a numerical study
of CP violation in inclusive and exclusive charmless B
decays has been done by Gerard and Hou in the frame-
work of the standard model with three generations. CP
violations in the Bd meson decays through the tree pro-
cess such as Bd Kqy are expected to be large due to0

the large By-By mixing in the standard model, as dis-
cussed later, and so new physics is unimportant in these
decays. On the other hand, the char mless decays

through the penguin process have another source of CP
violation, which is shown later, and so new physics such
as the fourth generation may play an important role in
CP violation of these decays. In this paper, we investi-
gate the contribution of the fourth generation to CP
violation in the B~Kp decay. Since there exist uncal-
culable final phases through the final-state interactions
such as rescatterings, B~DD+X, KP and B~ y
+X, Kp, we concentrate on only the calculable final-
state phase in our paper. We analyze CP-violating
asymmetries of the Kp decays of the charged 8 tnesons
and the neutral 8 mesons, and then investigate the asym-
metry between the Bd Ksp and Bd Ksp processes
on Y(4S), which is advantageous to observe the elI'ect of
the fourth generation.

The penguin diagram for the b sg transition induces
the eA'ective Hamiltonian '
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where Vy is the Kobayashi-Maskawa (KM) matrix element, I; is the loop integral, and i runs over up quarks. The
loop integral I; is given by calculating the lowest-order penguin diagrams in the t Hooft-Feynman gauge as follows:
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where Mg and m; are the W-boson mass and the ith-
type-quark mass, respectively, and k is the momentum
transfer carried by the gluon.

In the case of M~&&m; &&k, the integral function I;
reduces to the well known result I; = —,

' ln(Mu/m; ).'
Now k is not negligible compared with m, in the B-
meson system because the order of k is mp. In the case
of timelike k with k )4m;, I; has an absorptive part
derived from the logarithmic integral, which is the
source of CP violation of the charmless B-meson de-
cay. '
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and in the case of k ~ 4m;,

The analytic form of I; is given as follows:
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where the function S is given as, in the case of 0&k
&4m;,
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where r =
I

1
—4m; /k I

'/, and the functions F~ and F2 are given as, in the case of k & (M~ —m;),
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where R =
I
(1+8') —4M~/k I

'/ and 6=(M~ —m; )/
k . The above forms of S, F~, and F2 are shown only for
the k region where CP-violating asymmetries are calcu-
lated in our paper.

Now we begin with calculating the asymmetries of the8„K——
p processes, which are caused by the timelike

penguin process and the spacelike one. Since the space™
like penguin amplitude is suppressed compared with the
timelike one because of the form-factor eAect in the an-
nihilation structure of the associated diagram, ' we
neglect the spacelike penguin amplitude in the following
analysis.

The penguin amplitudes for 8„K——
tb are given as

follows: 2 3

T(8„+ K+y) = QVb V;, I;

r

T(8„--~-tb)= QVbV, ', I, ~,
(2)

where 2 is the amplitude with the KM matrix elements
and the loop integrals factored out. Then, the asym-
metry parameter A —is given using Eq. (2) as follows:
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Since I„and I, (k & m, ) have the absorptive part ow-

ing to k —mt„we obtain a nonzero value of A —in Eq.
(3). Namely, the interfering amplitudes required for CI'
violation come from the penguin diagrams with different
internal quarks, which consequently give rise to the
diA'erent weak phases, and so these absorptive parts give
a final phase. The value of k should be given definitely
in this two-body decay, but for now we do not have
knowledge enough of the hadron to estimate k exactly,
and so we show our results for typical values of k

I

'/ =2.5, 3.5, and 5.0 OeV.
In the case of the three-generation model, Gerard and

Hou have found 4 —to be at most 1%. In the case of
the four-generation model, we show that A —could be as
large as + 15% if the KM parameters of the fourth gen-
eration have relevant values. Following the parametriza-
tion of the 4x4 KM matrix by Botella and Chau, the
relevant products of the KM matrix elements are written

=s,-s-e ' ', where u, c, t, and a denote the four up
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FIG. 1. Asymmetry of 8„— K —
(t) in the case of s-/s~

=0.14 and O~ =~/2. Here s„s,. & 0 ( &0) corresponds to the
case of O3 =ac/2 ( —z/2).

quarks, and s„=0.22, s =0.044, and s, /s «0 14 s

These parametrizations satisfy the unitarity relation in
the order s, s,', s. . We take x/2«tb~ «5x/6 based on the
recent analyses of e'/e and the Bd-Bd mixing; on the
other hand, s„, s, , and tb3 are unknown parameters asso-
ciated with the fourth-generation quark. In our analysis,
we take tb3= ~ x/2 in order to estimate the maximum
contribution of the fourth generation. We change the
product s, s, , in the region 0 & s, s, , (5&10 because
we expect at most V,yV„=X with X=0.22 in the anal-
yses of the Bd-Bd mixing in the four-generation model.

0 —0 10

In order to calculate the values of I; (i =u, c,t, a) in Eq.
(1), we take the quark masses (mb, m„m„) =(5, 1.4,
0.005) GeV, and we tentatively fix the masses of the t
quark and the a quark as m, =40 GeV and m, =200
GeV. Our numerical results of the asymmetries are in-
sensitive to the values in the ranges m, =40-60 GeV and
m, =100-300 GeV.

Now, we show in Fig. 1 the calculated values of A—
versus the product s„s,, for k =2.5, 3.5, and 5.0 GeV in
the case of s, /s, , =0.14 and (b~ =x/2. Here A —at s„s,,

=0 corresponds to the predicted value in the three-
generation model, and A —at s„s,, )0 ( & 0) to (b3 =~/2
( —n/2) in the four-generation model. From Fig. 1, we
find that the asymmetry in the three-generation model is
at most 3% even if we take maximum values of s, /s~, and
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p~ such as s, /s~ =0.14 and p~ =n/2. If the value of s„s,,
is 5x10, the asymmetry amounts to ~15%, whose
sign depends on the sign of t(3=+'rr/2. Thus, the asym-
metry of 8„— K —

p gives us a very good chance to ob-
serve the fourth-generation effect. Since the first three-
generation effect is very small, the results in Fig. 1 are
insensitive to the values of s, /s~ and p~.

Here we comment on the asymmetry 2 —at k =2.5
GeV, which is almost independent of the fourth-gener-
ation parameter s„s, The absorptive part of I, (k) 2m, ) is crucial for CP violation in the four-generation

2

model, but I, is real at k =2.5 GeV, and then the
fourth-generation effect on CP violation almost vanishes.
The sizable difference between the A —'s at k =2.5 and
3.5 GeV in the three-generation model (at s„s,, =0) is
due to the u-quark and the c-quark contributions. In the
case of k & 2m„ the CP-violating phase is canceled par-
tially between I, and I, .

The asymmetry between the Bd Ksp and Bd Ksp
processes is very diff'erent from that of 8„— K —

(t pro-
cesses because of the large By-By mixing. '' The time-
dependent rate for an initially pure Bd to decay to the
Ks p state is given as ' '

' 2
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and I (Bd (r) K~&) for Bd is given by replacing T and X with T and l in Eq. (4), respectively, where T =(Kz(l)
~
Bp),

T =(K ps)By), X =(q/p)(T/T), and X =(p/q)(T/T) with q/p =M~&/[ M&2 (, M~& being the off diagonal matrix ele-
ment in the Bd-Bd system. In Eq. (4), Am and I z are the mass difference and the decay width of the 8 mesons, respec-
tively. Since the amplitudes T and T are proportional to QVbV~, I; and PV~bV;, I;, respectively, the time-integrated
asymmetry parameter A defined as
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In contrast with the tree process such as Bdo Ksy,
the first two terms in the numerator of Eq. (5) are
significant in addition to the last term, because of

~
T

~

&
~
T

~
in the penguin process. Thus, the asymmetry A

has two origins, from the By-By mixing and from the
loop-integral absorptive part of the penguin process. We

show the calculated values of A versus the product s„s,,
for k =2.5, 3.5, and 5.0 GeV in the case of s, /s~ =0.14
and p; =rr/2, 5rr/6 in Fig. 2, where we used the observed
value of X~, =0.7. '' The predicted value of A is large
even in the three-generation model (at s„s,, =0) due to
the large Bd-Bd mixing, so our results depend strongly
on the value of s, /s~, and (I)~. As seen in Fig. 2, if the
asymmetry is observed to be 20%-40%, it will be impos-
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FIG. 2. Asymmetry between BP Ksp and Bd Ksp in

the case of s:/s, , =0.14 and p~ =rr/2, 5rr/6, where solid lines
(dashed lines) denote the case of p~ =rr/2 (5'/6).
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FIG. 3. Asymmetry between BP Ksp and Bd Ksp on

~(4s).
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sible to detect the fourth-generation effect, unless the
values of s, /s~ and pi are determined precisely.

The fourth-generation effect on the asymmetry be-
tween the Bd Ksp and Bd Kslll processes may be
screened by the large By-By mixing in contrast with the
case of 8„K——p. However, its effect will be observed
clearly on Y(4S). As is well known, the CP-violating
asymmetry in the neutral-8-meson decays originating

from the Bd-Bd mixing vanishes on Y(4S) due to the
Bose statistics in the case i q/p i

=1, which is also
satisfied in the KM model with four generations, ' but
the asymmetry through the loop integral of the penguin
amplitude does not vanish even on Y(4S) as shown
below.

The probability of finding Bd l+ (a charged lepton)
at ti and Bd Ksg at t2 on Y(4S) is given as fol-

. l2, l4

P(l+, ti,Ksp t2) = —,
'

i

T+
i i Ti e ' ' ' jl+

ikey

+(1 —
iA i )cos[Am(ti —t2)] —2(1m') sin[km(t 1

—t2)]j;
the probability P(l, t i', Ksp, tz) of Bd l at t i and
Bd Ksg at tz is given by replacing T+, T, and 2 withT, T, and k in Eq. (6), respectively, where T —denote
(/+X Bd) and (l 4'iBd). Since CPT invariance im-
plies T+

i

=
i T i, the time-integrated asymmetry pa-

rameter 2 (4S) is given with only x&„T, and T by in-
tegrating the time-dependent probabilities over t] and t2
as follows:

4S
P(l, Ksy) P(l ',K—sy)
P(l, Ksg) +P(l, Ksg)

iT/'+ /Tf' 1+x' (7)

In the limit of vanishing Bd-Bd mixing, Eq. (7) reduces
to Eq. (3), and in the limit of

i
T i

=
i T i, A (4S) van-

ishes as is expected.
We show in Fig. 3 the calculated values of A (4S) vs

s„s,, in the case of s./s, , =0.14 and pl =tr/2 for k =2.5,
3.5, 5.0 GeV. The results are similar to that in Fig. 1,
since A (4S) of Eq. (7) differs from A —of Eq. (3) only
in the factor (I+x8, ) '. We have found that the asym-
metry 8 (4S) could be ~ 10/0 in the fourth-generation
model.

We have already calculated the branching ratio of
8 Kp to be 1&&10 in Ref. 3. Consequently a 3o
eff'ect would require at least 10' Y(4S)'s if the asym-
metry is of the order of 1%, but 10 —10 Y(4S)'s if it is
+' 15%. Since 10 —10 Y(4S)'s are attainable in the up-
grade of CLEO II at the Cornell Electron Storage Ring
and the proposed Paul Scherrer Institute B-meson facto-
ry in Switzerland, it is expected that the fourth-genera-
tion effect will be observed in the 8„K—

tl), Bd-
Ksg, and Bd Ksg processes on Y(4S).
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