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B =El+1 with four generations: Rates and CP violation
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In the standard model with three generations the branching ratios for 8~I( 1+1 +X
(8~SO+1 ) are 1.9X10 (0.9&10 ) and 2.4)&10 (1.2)&10 ) for m, =40 and 80 GeV, respec-

tively, with very little uncertainty, and the maximal CP-violation asymmetry is of the order of
1.5%. As demonstrated here in the standard model with four generations, these results may change
drastically with a possibility of an increase by more than an order of magnitude in rates and CI'-

violation asymmetries. The uncertainty is now large for both quantities.

Circumstantial evidence, though very far from being
convincing at present, has accumulated lately —at least ac-
cording to some authors -in favor of a fourth generation
of quarks and leptons. ' With two more phases, three ex-
tra mixing angles, and two unknown masses as compared
with the three-generation case, results for quark processes
are expected to suffer from large uncertainties. That fact
is actually a blessing since in the three-generation scenario
there are precise predictions, which are perhaps on the
verge of being in disagreement with experiment, such as i

e'/e. The three-generation model may also predict effects
which are too small to be observable in the near future,
such as CP violation in rare charged 8 decays. ' Here we
discuss rates and CP-violation asymmetries for a particu-
lar rare 8 decay which enjoys relative immunity from
strong-interaction corrections and which will —both soon
and not so soon—be searched for, namely, B~KI+I
with I =e or p.

In the three-generation case the branching ratio is cal-
culated with confidences (long-distance corrections and ig-
norance regarding some of the mixing angles and the
phase cause no major problem) to be 1.9X10 and
3.2&&10 for B~KI+I +X and 0.9)&10 and
1.6)&10 6 for B~KI+I, when ttt, is 40 and 240 GeV,
respectively. However, the CP asymmetry which should
manifest itself as a nonzero difference between the partial
decay rates for 8+ and 8 is uncertain in the three-
generation case. Based on present information regarding
the Kobayashi-Maskawa (KM) angles, the asymmetry
has an upper limit of —1.5%. The experimentally
relevant number for measuring an asymmetry is defined

V = I (GF I2v 2)—(aiir)G~ uzy"(1 —ys)u, u4y„v3

where

(2)

Gi A, (Fi F) )—+—Ag(F"i —FI )+A, (FI —F i)—
with AJ = UsIU~g, (j=it, c,t, t'), the U's being elements of
the KM four-generation matrix given by

TABLE I. Values of the form factor I'~ (j =t, t') as a func-
tion of rnJ. .

m~ (GeV)

branching ratio itself, being of order 10 in the three-
generation case, can in principle be measured even before
the hoped-for advent of the SSC. In the standard model
with four generations, as will be shown below, one can
achieve rates, CP-violation asymmetries, and N values
which are much higher than those obtained without the
fourth generation. In view of the certainty in the calcula-
tion with only u, c,t quarks in the loop, it becomes crurial
to search for this decay in forthcoming experiments.

Let us now describe our results. %e generalize the cal-
culation of Ref. 5 for b ~sl+I with three generations of
quarks in the loop for this "electromagnetic penguin" pro-
cess (the lowest-order diagrams are loop diagrams), using
the same notation. Denoting the fourth generation up
quark by t', the matrix element for the quark level process
b ~sl+I is

where 8 and a are the branching ratio and asymmetry,
respectively. N for three generations is at most 5&(10
for B~KI+I +X, and 2X10 ' for B~KI+I, almost
independently of m„ thus rendering a measurement of the
CP asymmetry in this clean reaction a remote possibility,
even for the Superconducting Super Collider (SSC) where
10 —10 "useful" 8's are expected to be available. The
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where c;=cos8;, s;=sin8;, ss; ——sin5;, cs;——cos5; (0&8; &m/2, 0&5; &2m), and A„+A, +A, +2, =0. The form fac-
tors E/ are given by their k =0 values (k being the invariant mass of the lepton pair) forj =i, t', in Table I these form
factors are shown for 40&mj &500 GeV and Ma ——82 GeV. Forj =u, c the form factors are

F&(k2 2
'
d

' —& y (x —1)+2x (x —1)
J 0 0 ~2 A

gy+mj (1—y) —k x(1—x)

where k 2= k 2/Mii, m J =mj2/Ma, and ej = —,
' . Obvi-

ously, only for k & 4m' will ImFJ1 &0.
We equate the inclusive rate B~K1+1 +X to the

quark level process b~sl+I . Then, squaring V in Eq.
(2), and integrating over the three-body phase space we
find

A,s shown in Ref. 5, the results for B~Kl+I are identi-
cal to t}lose in Eqs. (6) and (9) with the following changes:
All inclusive integrals I ';" (i =1, . . . , 18) are now replaced
by the exclusive integrals

TABLE II. Values of the angular coefficients a; (where
AJ U J UJb ) and integrands I; appearing in the inclusive and ex-
clusive rates [see Eqs. (7) and (10)).

GF mb
2 5 '2

I'(B Kl+1 +X)=-, g a,r,'", (6).
192m.

%'here

a5(I 5"—I '10)+a 12i',"2+(a 14+a 15)1 '14
Q=

a5(I 5 I 10)+a12I 12+(a14+a15)I 14 ~b
(9)

with I'b as in Eq. (6).
Before exhibiting our numerical results for the inclusive

reaction, let us tum to the exclusive decay 8—+SO+I

z 1 —z'1+2 I, ,
lIll»t

z;„=4(mi !ms ) (7)

with the superscript "in" standing for inclusive. The an-

gular coefficients a; and the integrands I; are given in
Table II (note that for three generations, only ten terms
survive ). For the CP-violation asymmetry defined as

I b
—I gQ=

I b+I-
~e obtain
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(10)

with the same integrands I; as in Eq. (7).
As indicated above, the proliferation of parameters in

the four-generation case introduces large uncertainties,
while the existing constraints for the three-generation case
yield a precise value for the branching ratio once m, is
known. We therefore took the following approach: For
representative values of m, and m, the KM angles were
varied subject to the experimental constraints'

0.231+0.003,
Ugd =0.9729+0.0012 Ugg = ' 0'221+0 002

~
U„~ =O.gs+0. 15,

~
U,d ~

=0.24+0.03,

Ucb
l

=0 06+0 02~ &~b &0 01 .

Because of the conflict of the data analyses for the value
of U we took U„, to lie in the range 0.219& U (0.234.
We also took the value of U„d to be fixed at 0.9729 due to
the small error. We then maximized, separately for the
inclusive and for the exclusive decays, first the CP

violation asymmetry a, then the branching ratio 9, and fi-
nally N [see Eq. (I)] which is the experimentally relevant
number for any attempt at measuring the asymmetry a;
all the maximizations were performed independently from
each other. The values of a, 8, X, and the angles are
given in Tables III—V, where, for comparison, the last
three rows display the three-generation results.

One nates in Tables III—V a large variation in the re-
sults for the observables a, 8, N, from values much lower
than those for the three-generation case to much higher
values. While the uncertainty in 8 is 2 orders of magni-
tude (from around 10 —10 or so), the results for a, N
span a much wider range. It is important to observe that
branching ratios higher than 10 are possible for the in-
clusive, as well as for the exclusive case. Such high rates
are certainly excluded in the three-generation case„and are
accessible in forthcoming experiments. Furthermore N
[see Eq. (1)] can be higher than 10,which is about 2 or-
der of magnitude higher than its maximal value for three
generations; for possible nonzero measurements of the
CP-violation asymmetry a, we should therefore await the
SSC with 10 —10 8 decays. %ith only three generations,
there seems to be no prospect for detecting an asymmetry
even at the SSC.

Finally let us emphasize, that any result or limit from
existing and future experiments for both the branching ra-
tio and the CP-violation asymmetry should be more than
welcome in view of our ignorance regarding the existence

TABLE III. Values of the asymmetry a, the branching ratio 8, N as defined in Eq. {1),and KM angles for the inclusive and ex-
clusive reactions 8~XI+I + X, 8~KL+/, respectively, for m, =40 GeV, m, =160 GeV. The columns a maximized, 8 maxim-
ized, N maximized, denote results for an independent maximalization of a, 8, N, respectively. For comparison, the last three roars
display the three-generation results from Ref. 5.

Four generations

a
8

Sign c~
1

Sign cg
2

Sign e~
3

sg
1

Sg

sg

Sl
$2

S3

$4

$5

$6

Three generations

max{a)
8
max{Ã)

Q maximized

11.6%
7.54 y, 10-'
1.02 y 10-'

—0.763
—0.469

0.115

0.231
0.392
0.112
0.938
0.948
0.337

Inclusive
8 maximized

0.856'Fo

1.35 ~ 10-'
9 90' 10-"

—0.261

—0.831

0.231
0.402
0.223
0.687
0.985
0.137

1.56%
1.86 X 10-'
4.53' 10-"

N maximized

9.01%
3.85x10 '
3.13y 10-'

—0.146

0.644

0.681

0.231
0.431
0.242
0.582
0.985
0.223

a maximized

16.4%
2.10&& 10-'
5.63 X 10-'

+

—0.919
—0.937

0.200

0.231
0.388
0.143
0.710
0.967
0.195

Exclusive
8 maximized

0.551 fo
6.92 g 10-'
2.10' 10-"

0.328

0.231
0.427
0.286
0.719
0.989
0.050

1.48%
9.36~ 10-'
2.05 X 10-"

N maximized

12.2%
1.88 &( 10
2.78 &&

10-'

—0.338

0.784

0.675

0.231
0.419
0.225
0.566
0.985
0.219
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TABLE IV. Same as Table III, except for m, =80 GeV, m, =160 GeV.

Four generations

8

Sign eq
1

Sign cq

»gn ~s,

Sg
1

Sg
2

Sg

$1

$2

$3

$4

$5

$6

Three generations

max(a)
8
max(Ã)

a maximized

11.9%
6.19x 10-'
8.70x 10

0.211
—0.428
—0.397

0.231
0.416
0.281
0.876
0.990
0.177

Inclusive
8 maximized

0.144%
7.77 x 10-'
1.62 x 10

0.231
0.391
0.274
0.749
0.991
0.091

1.42%
2.38 x 10-'
4.81X10-"

N maximized

10.2%
1.11x10 '
1.15x 10-'

+
0.563

—0.235

0.231
0.434
0.288
0.665
0.989
0.196

0 maximized

15.6%
3.04x 10
7.42 x 10-'

0.211
—0.428

—0.397

0.231
0.416
0.281
0.876
0.990
0.177

Exclusive
8 maximized

0.162%
3.84 x 10-'
1.01x10 "

0.657
—0.912

0.231
0.391
0.274
0.749
0.991
0.091

1.35%
1.20 x 10
2.18x 10-"

N maximized

12.9%%ui

5.54 x 10-'
9.91 x 10-'

0.562

0.387
—0.235

0.231
0.434
0.289
0.665
0.989
0.196

of further generations, other extensions of the standard
model, or mixing in the quark sector. If a fourth genera-
tion has an impact on nuclear P decays' and on K de-
cays, ' then it should certainly influence 8 decays.
B~EI+I is especially important since we do not have
any direct experimental indication for (1) higher-order

corrections in the standard model, and the process dis-
cussed here is a pure loop process with a non-Abelian tri-
ple coupling becoming more prominent as m„m, in-
crease and (2) CP violation outside the neutral-E system.
Note that observation of CP violation in the neutral-8
system, " although certainly important, may be a boring

TABLE V. Same as Table III, except for m, =40 GeV, m, =300 GeV.

Four generations

8

Sign cg

SlgIl Cg
2

Sign c~
3

Sg
1

$5

Sg

S1

$2

$3

$4

$5

$6

Three generations

max(a)
S
max(Ã)

a maximized

12.9 /o

9.32 x 10-'
1.56x10-'

+

0.601

—0.067

0.231
0.389
0.153
0.741
0.972
0.254

Inclusive
8 maximized

0.376%
2.06 x 10-'
2.89x 10-"

—0.336
—0.227

0.328

0.231
0.427
0.286
0.719
0.989
0.050

1.56%
1.86x 10-'
4.53 x 10-"

maximized

8.22 jo
5.65 x 10-'
3.82x 10-"

—0.338

0.784

0.231
0.419
0.225
0.566
0.985
0.219

a maximized

16.1%%uo

4.83 x 10-'
1.25 x 10

+

0.601

0.777

0.231
0.389
0.153
0.741
0.972
0.254

Exclusive
8 maximized

0.504%%uo

1.03 x 10-'
2.61x 10-"

—0.335
—0.227

0.328

0.231
0.427
0.286
0.719
0.989
0.050

1.48 jo
9.36x 10-'
2.05 x 10-"

X maximized

10.6%
2.89x 10-'
3.22 x 10-'

0.231
0.419
0.225
0.566
0.985
0.219
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repetition of mass mixing for kaons, while the charged 8
system has the potential to be the first system to help
solve the puzzle of the origin of CI' violation. We ex-
pect the same maximum values for the asymmetry a, for
other (strong) penguin-induced rare charged-8 decays
such as B„~Em., KP; i.e., they should be at most of the
order of 15%%uo with four generations. The rates for such
processes —which are subject to a high degree of uncer-
tainty even for the three-generation case—should have

upper limits which are not that influenced by the presence
of a fourth generation„since the non-Abelian triple cou-

pling which causes most of the effect' is absent in the
"strong penguins. *'

One of us (G.E.) would like to thank the members of
the High Energy Group at Ames Laboratory for their
vvarm hospitality. We thank A. Soni and N. G. Desh-
pande for helpful discussions. This work was supported
by the U.S. Department of Energy, Contract No.
W-7405-Eng-82, Office of Energy Research (KA-01-01),
Division of High Energy and Nuclear Physics.

'On leave of absence from the Physics Department, Technion,
Haifa, Israel.

'%. J. Marciano and A. Sirlin, Phys. Rev. Lett. 56, 22 (1986);
X.-G. He and S. Pakvasa, University of Hawaii Report No.
UH-511-572-85, 1986 (unpublished); and Phys. Lett. 1568,
236 (1985); T. Hayashi, M. Tanimoto, and S. %akaizumi,
Prog. Theor. Phys. 75, 353 (1986).

2F. J. Gilman and J. S. Hagelin, Phys. Lett. 1338, 443 {1983);P.
H. Ginsparg, S. L. Glashow, and M. B. Wise, Phys. Rev.
Lett. 50, 1415 (1983),

3R. H. Bernstein et al. , Phys. Rev. Lett. 54, 1631 (1984); J. K.
Black et al. , ibid. 54, 1628 {1985).

4M. Bander, D. Silverman, and A. Soni, Phys. Rev. Lett. 43,
142 (1979}; L.-L. Chau and H. Y. Cheng, ibid. 53, 1037
(1984); Phys. Lett. 1658, 429 (1986); D. Du, Princeton report,
1986 (unpublished}.

~G. Eilam, A. Soni, G. L. Kane, and N. G. Deshpande, Phys.
Rev. Lett. 57, 1106 (1986).

N. G. Deshpande, in Proceedings of the SSC workshops at Eu-
gene, Oregon, 1985, and UCLA, 1986 (to be published); J. %.
Cronin et al. , in Design and Utilization of the SSC,
Snowmass, 1984, proceedings of the Snowmass summer study,
edited by R. Donaldson and J. G. Marfin (Fermilab, Batavia,
IL, 1984), p. 161;D. B.Cline, University of %'isconsin Report
No. %ISC-EX-86-265, 1986 {unpublished).

7M. Kobayashi and T. Maskawa, Prog. Theor. Phys, 49, 652

{1973).
8See He and Pakvasa (Ref. 1); V. Barger et al. , Phys. Rev. D 23,

2773 (1981);R. J. Oakes, ibid. 26, 1128 {1982).
N. G. Deshpande and G. Eilam, Phys. Rev D 26, 2463 (1982);

N. G. Deshpande and M. Nazerimonfored, Nucl. Phys. 8213,
390 {1983).
~

U„d
~

=0.972920.0012 from nucleon beta decay, see Marci-
ano and Sirlin (Ref. I); i U„,

~

=0.231+0.003 from hyperon
decays, M. Bourquin et al. , Z. Phys. C 21, 27 {1983);

~
U„,

~

=0.221+0.002 from K, 3 decays, H. Leutwyler and M.
Ross„Z. Phys. C 25, 91 (1984}. For values of other KM ele-
ments see reviews by He and Pakvasa (Ref. 1); F. J. Gilman,
SLAC Report No. SLAC-PUB-3951, 1986 (unpublished); G.
Barbiellini and C. Santoni, CERN Report No CERN-EP/85-
117, 1985 (to be published in Riv. Nuovo Cimento}.

"A. I. Sgnda, Phys. Rev. Lett. 55, 2653 (1985); I. I. Bigi and A.
I. Sanda, Phys. Rev. D 29, 1393 (1984); Nucl. Phys. 8193, 85
(1981)„A.B. Carter and A. I. Sanda, Phys. Rev. D 23, 1567
(1981).

'~G. Eilam and J. P. Leveille, Phys. Rev. Lett. 44, 1648 (1980);
B. Guberina, R. D. Peccei, and R. Ruckl, Phys. Lett. 908,
169 {1980);G. Eilam, Phys. Rev. Lett. 49, 1478 (1982); M. B.
Gavela, A. Le Yaouanc, L. Oliver, O. Pene, J.-C. Raynal, M.
Jarfi, and O. Lazrak, Phys. Lett. 1548, 425 (1985); K.
%hisnant, B.-L. Young, and J.-C. Su, Phys. Rev. D 34, 1376
(1986).


