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Constraints on the mass and mixing of the fourth generation quark
from direct CP violation e8Õe and rare K decays
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We investigate thee8/e for K→pp in a sequential fourth generation model. By giving the basic formulas
for e8/e in this model, we analyze the numerical results which are dependent onmt8 and the imaginary part of
the fourth CKM factor, ImVt8s

* Vt8d ~or Vt8s
* Vt8d and the fourth generation CKM matrix phaseu). We find that,

unlike the SM, when taking the central values of all parameters fore8/e, the values ofe8/e can easily fit to the
current experimental data for all values of hadronic matrix elements estimated from various approaches. Also,
we show that the experimental values ofe8/e and rareK decays can provide a strong constraint on both mass
and mixing of the fourth generation quark. When taking the values of hadronic matrix elements from the lattice
or 1/N expansion calculations, a large region of the up-type quark massmt8 is excluded.
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I. INTRODUCTION

Although the standard model~SM! is very successful for
explaining the particle physics experiments, it has to face
difficulties of many interesting open questions, such asCP
violation. The new experimental results fore8/e, which
measures directCP violation in K→pp decays, have bee
reported by the KTeV Collaboration at Fermilab@1# and
NA48 Collaboration at CERN@2#,

Re~e8/e!5~28.064.1!31024 KTeV, ~1!

Re~e8/e!5~18.567.3!31023 NA48, ~2!

while the new world average reads@2,3#

Re~e8/e!5~21.164.6!31024. ~3!

This establishment of directCP violation rules out old su-
perweak models@4#. Yet while the SM predicts a nonvanish
ing e8/e, the values in Eqs.~1!, ~2!, and ~3! exceed most
theoretical predictions of SM@5,6#. Someone has to face an
resolve this discrepancy. Some possibilities to accommo
the data in SM have been pointed out@7,8#.

The SM makes precise assumptions on the mechan
that generates theCP violation. The only source ofCP vio-
lating phase originates from the elementsVuidj

of the
Cabibbo-Kobayashi-Maskawa~CKM! matrix with three
quark generations. In the SM, there are both indirect (e) and
direct (e8) CP violation. The analysis ofe8/e can be divided
into the short-distance~perturbative! part and long-distance
~nonperturbative! parts. Using the effective Hamiltonia
†HW5( iCi(m)Qi(m) @9,10#‡, one can obtain an expressio
of e8/e that involves CKM parameters (Vuidj

), Wilson coef-

ficients (yi) and local operator matrix elements (^Qi& I). The
source of most theoretical uncertainties fore8/e is mainly
from the difficulty in calculating nonperturbative part~local
operator matrix elements!, comparing with the phenomeno
logical determination of CKM parameters@11# and the cal-
0556-2821/2001/64~1!/016009~9!/$20.00 64 0160
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culation of the Wilson coefficients at a next leading ord
~NLO! level @10#. For e8/e, one of the goals of the SM is to
determine the hadronic matrix elements@12–17#.

The interest in this paper is not in this nonperturbat
part but the new effects with the fourth sequential genera
particles in the short-distance part. Except for the SM exp
nation, there are many directions in the search for new ph
ics beyond the SM@18–24# to resolveCP violation. Unlike
the SM, almost any extension of SM has, in general, newCP
violating phases. That is to say, they give newCP violation
sources. The new physics onCP violation beyond the SM
includesCP violation in supersymmetry models@19# and
extensions of fermion sector@20,23,24#, scalar sector@21#
and gauge sector@22# of the SM. In extensions of fermion
sector, there are many models, such as vectorlike quark m
els @23#, sterile neutrino models@24#, proposed for probing
new effects onCP violation.

In this paper, as in Ref.@25#, we consider a sequentia
fourth generation model@25,26#, in which an up-type quark
t8, down-type quarkb8, lepton t8, and heavy neutrinon8
are added into the SM. The properties of these new fermi
are all the same as their corresponding counterparts of o
three generations except their masses and CKM mixing,
Table I.

As the SM does not fix the number of generations, so
we do not know why there is more than one generation
what law of nature determines their number. On the o
hand, the purely sequential fourth generation is constrain

TABLE I. The elementary particle spectrum of SM4.

uplike
quark

downlike
quark

charged
lepton

neutral
lepton

u d e ne

SM fermions c s m nm

t b t nt

new fermions t8 b8 t8 nt8
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even excluded in much of the literature@27#. For example, in
Refs. @28,29# the method of Pade´ approximates is used t
show that for a large fermion mass, it is possible to dyna
cally generatep-wave resonance and then theS parameter
bound can serve to exclude a heavy fourth generation
fermions@29#. Reference@30# found that there is no violation
of the S parameter upper bound for any value of the hea
fermion mass and that elastic unitarity, imposed as a c
straint on strongWLWL scattering, yields no information
concerning and sheds no light on the existence of a he
fourth generation. The Ref.@31# compared various precisio
determinations of the Femi constantGF to get the rather
stringent bound of third and fourth generation lepton mixi
angle u34. It found that the fourth charged lepton is to
heavy and seems nonexistent. The precision electrow
measurements can also give the strong constraints to th
quential fourth generation, in particular theS parameter ex-
cludes it to 99.8% C.L. if is degenerate, and if not a smaT
parameter is allowed and then it is excluded to 98.2% C
@32#.

However, on the other hand, experimentally, the CER
e1e2 collider LEP determinations of the invisible parti
decay width of theZ0 gauge boson only show that there a
certainly threelight neutrinos of the usual type with mas
less thanMZ/2 @33#. But the existence of the fourth gener
tion with a heavy neutrino, i.e.,mn4

>MZ/2 @34# is not yet
excluded. Perhaps there exists some more deep or me
nism to give the room of the sequential fourth generati
because we really do not know why there are only th
generations. So, it is not invaluable to research these
generation as one of the new physics. Before having a m
fundamental reason for three generations, one may inv
gate phenomenologically whether the existing experime
data allow the existence of the fourth generation. This is a
the main purpose of this paper. There are a number of pa
@26,27# for discussing the fourth generation phenomena.

In our previous paper@35#, we have investigated the con
straints on the fourth generation from the inclusive decay
B→Xsl

1l 2 andB→Xsg. In this paper, we further study it
effects on directCP-violating parametere8/e in K→pp
decays as well as possible new constraints frome8/e and
rareK decays. We limit ourselves to the non-SUSY case
order to concentrate on the phenomenological implication
the fourth generation and will call this model as SM4 he
after for the sake of simplicity.

CP-violating parametere8/e is a short distance domi
nated process and is sensitive to new physics. In the S
model, there are not new operators produced. The new
ticle involved is only the fourth generation up-type quarkt8.
The heavy mass oft8 propagating in the loop diagrams o
penguin and box enters the Wilson coefficientsyi , as well as
top quarkt andW boson. The effects of the fourth generatio
particles can only modifyyi . Each new Wilson coefficien
yi

new(m) is the sum ofyi
sm(m) and yi

(4)(m) contributed byt
and t8 correspondingly. We can getyt8

(4) by taking the mass
of t8 as one of the input parameter. Moreover, for obtain
e8/e in SM4, we must know something about elementsVt8dj

of the fourth generation 434 CKM matrix which now con-
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tains nine parameters, i.e., six angles and three phases
there are not any direct experimental measurements of th
So we have to get their information indirectly from som
meson decays. We investigate three rareK decays,K1

→p1nn̄, KL→p0nn̄, andKL→m1m2 @36#, in SM4. These
decays can give the constraint of the fourth CKM fac
Im Vt8s

* Vt8d ~or Vt8s
* Vt8d and a fourth generation phaseu),

which is needed for calculating (e8/e)new. We shall take it as
an additional input parameter. As a consequence, the
(e8/e) is the sum of (e8/e)sm and (e8/e)4 contributed by the
SM and the new particlet8 correspondingly. Unlike the SM
when taking the central values of all parameters fore8/e, the
new value of (e8/e) can reach the range of the current e
perimental results whatever values of the nonperturba
part, hadronic matrix elements, are taken in all known cas
Also, the experimental values of (e8/e)exp impose strong
constraints on the parameter space of ImVt8s

* Vt8d andmt8 .
In Sec. II, we give the basic formulas fore8/e with the

fourth uplike quarkt8 in SM4. In Sec. III, we analyze the
constraints on the fourth generation CKM matrix fact
Im Vt8s

* Vt8d which is necessary for calculatinge8/e in SM4.
Section IV is devoted to the numerical analysis. Finally,
Sec. V, we give our conclusion.

II. BASIC FORMULAS FOR e8Õe AND WILSON
COEFFICIENTS yI

„4…
„µ… IN SM4

The essential theoretical tool for the calculation ofe8/e is
the DS51 effective Hamiltonian@9,10#,

HW5(
i

GF

A2
VudVus* @zi~m!1tyi~m!#Qi~m! ~4!

with t5Vts* Vtd /(Vus* Vud). The direct CP violation in K
→pp is described bye8. The parametere8 is given in terms
of the amplitudes A0[A@k→(pp) I 50# and A2[A@k
→(pp) I 52# as follows:

e852
1

A2
j~12V!exp~ iF!, ~5!

where

j5
Im A0

ReA0
, v5

ReA2

ReA0
, V5

1

v

Im A2

Im A0
~6!

andF5p/21d22d0'p/4. With the effective Hamiltonian
~4!, we can cast Eq.~5! into the form

e8

e
5Im l t@P(1/2)2P(3/2)#, ~7!

where

P(1/2)5( Pi
(1/2)5r( yi^Qi&0~12Vh1h8!, ~8!
9-2
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P(3/2)5( Pi
(3/2)5

r

v ( yi^Qi&2 , ~9!

with r 5GFv/(2uReA0)u). yi are the Wilson coefficients
and the hadronic matrix elements are

^Qi& I[^~pp! I uQi uK&. ~10!

The operatorsQi and ^Qi& I are given explicitly in many
reviews@9,10#.

When including the contributions from the fourth gene
tion up-type quarkt8, the above equations will be modified
The corresponding effective Hamiltonian can be expres
as

HW5(
i

GF

A2
VudVus* @zi~m!1tyi

SM~m!1t8yi
(4)~m!#Qi~m!

~11!

FIG. 1. The additional~a! EW, ~b! QCD penguins, and~b! box
diagrams witht8.
01600
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d

with t5Vts* Vtd and t85Vt8s
* Vt8d . In comparison with the

SM, one may introduce the new effective coefficient fun
tions yi

new(m)

yi
new~m!5yi

SM1
t8

t
yi

(4)~m!, ~12!

whereyi(m) are the Wilson coefficient functions in the SM
andyi

(4) are the ones due to fourth generation quark con
butions. The evolution foryi

(4)(m) is an analogy to the one
yi

SM(m) in SM @9,10# except replacing thet quark by t8
quark. The corresponding diagrams of penguin and box
shown in Fig. 1.

Using Eqs.~11! and ~12!, Eq. ~7! can be written as

S e8

e D5S e8

e D SM

1S e8

e D (4)

,

S e8

e D (4)

5Im l t8@P8(1/2)2P8(3/2)#, ~13!

where the definitions ofP8(1/2) and P8(3/2) are the same as
Eqs.~8! and ~9! only by changingyi(m) into yi

(4)(m), and

Im l t85Im Vt8s
* Vt8d . ~14!

Thus the main test of evaluatinge8/e in the SM4 is to
calculate the Wilson coefficientsyi

(4)(m) and to provide the
possible constraints on Iml t8 . The constraints of Iml t8 will
be discussed in the next section. The calculation ofyi

(4)(m) is
the same as their counterpartyi

SM(m) in the SM and can be
simply done by changingmt to mt8 , which is easy to be
found in any corresponding reviews@9,10#. Here we repeat
the same calculations and only provide the numerical res
for yi

(4)(m) as the functions of the massmt8. In the numerical
calculations we take a large range fort8-quark massmt8
550, 100, 150, 200, 250, 300, 400 GeV@26#, see Table II.
3

4

4

7

8

TABLE II. DS51 Wilson coefficients atm51.0 GeV forL (4)5340 MeV andf 53 effective flavors at
leading order.y1

45y2
4[0.

mt8 ~GeV! 50 100 150 200 250 300 350 400

z1
4 20.594 20.594 20.594 20.594 20.594 20.594 20.594 20.594

z2
4 0.323 0.323 0.323 0.323 0.323 0.323 0.323 0.32

y3
4 0.028 0.032 0.036 0.042 0.048 0.055 0.064 0.07

y4
4 20.049 20.052 20.056 20.059 20.064 20.069 20.075 20.081

y5
4 0.011 0.011 0.012 0.012 0.013 0.013 0.014 0.01

y6
4 20.089 20.097 20.112 20.104 20.107 20.111 20.114 20.118

y7
4/a 20.114 20.076 20.004 0.092 0.210 0.348 0.506 0.686

y8
4/a 20.034 0.011 0.097 0.210 0.350 0.514 0.704 0.91

y9
4/a 20.367 20.825 21.335 21.913 22.571 23.318 24.159 25.098

y10
4 /a 0.172 0.397 0.6475 0.932 1.255 1.622 2.037 2.49
9-3
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TABLE III. Comparison of Br(K1→p1nn̄), Br(KL→p0nn̄), and Br(KL→p0nn̄) among the experi-
mental values and SM predictions with maximum mixing.

Br(K1→p1nn̄) Br(KL→p0nn̄) Br(KL→m1m2)

Experiment ,2.431029 @37# ,1.631026 @38# (6.960.4)31029 @39#

(4.219.723.5)310210 @44# ,6.131029 @40# (7.960.7)31029 @41#

SM (8.263.2)310211 @43# (3.161.3)310211 @43# (1.360.6)31029 @42#
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III. CONSTRAINTS ON CKM FACTOR Vt8s
* Vt8d IN SM4

Though we have no direct information for the addition
fourth generation CKM matrix elements, while constrain
may be obtained from some rare meson decays. In Ref.@35#,
we obtained the values of the fourth CKM factorVt8s

* Vt8b

from the decay ofB→sg. In this paper, we shall investigat
three rareK meson decays: two semileptonic decays,K1

→p1nn̄ and KL→p0nn̄, and one leptonic decayKL
→m1m2 @36# within SM4. These decays can provide certa
constraints on the fourth generation CKM factorsVt8s

* Vt8d ,
Im Vt8s

* Vt8d and ReVt8s
* Vt8d , respectively.

Within the SM, the decaysK→pnn̄ are loop-induced
semileptonic FCNC processes determined only
Z0-penguin and box diagrams. These decays are the theo
cally cleanest decays in rareK decays. The great virtue o
KL→p0nn̄ is that it proceeds almost exclusively throug
direct CP violation @45# which is very important for the
investigation ofe8/e in SM4. The precise calculation o
these two decays at the NLO in the SM can be found in R
@46#. While experimentally, its branching ratio has not y
been well measured, only an upper bound has been given
is larger by one order of magnitude than the one in the
~see Table III!.1 This remains allowing the new physics
dominate their decay amplitude@18#. Moreover, unlike the
previous two semileptonic decays, the branching ra
Br(KL→m1m2) has already been measured with a ve
good precision, while its experimental result is several tim
larger than theoretical prediction in SM~see Table III!. This
also provides a window for new physics.

In the SM4, the branching ratios of the three decay mo
mentioned above receive additional contributions from
up-type quarkt8 @47#:
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Br~K1→p1nn̄!5k1UVcdVcs*

l
P01

VtdVts*

l5
h tX0~xt!

1
Vt8dVt8s

*

l5
h t8X0~xt8!U2

, ~15!

Br~KL→p0nn̄!5kLU Im VtdVts*

l5
h tX0~xt!

1
Im Vt8dVt8s

*

l5
h t8X0~xt8!U2

, ~16!

Br~KL→mm̄!SD5kmFRe~VcdVcs* !

l
P08

1
Re~VtdVts* !

l5
Y0~xt!

1
Re~Vt8dVt8s

* !

l5
Y0~xt8!G 2

, ~17!

where k1 ,kL ,km ,X0(xt),X0(xt8),Y0(xt),Y0(xt8),P0 ,P08
may be found in Refs.@9,10#. The QCD correction factors
are taken to beh t50.985 andh t851.0 @47#.

To solve the constrains of the fourth generation CK
matrix factorsVt8s

* Vt8d , Im Vt8s
* Vt8d , and ReVt8s

* Vt8d , we
must calculate the Wilson coefficientsX0(xt8) andY0(xt8).
They are the functions of the mass of the fourth genera
top quarkmt8 . Here we give their numerical results accor
TABLE IV. Wilson coefficientsX0(xt8),Y0(xt8) to mt8 .

mt8 ~GeV! 50 100 150 200 250 300 400 500 600

X0(xt8) 0.404 0.873 1.357 1.884 2.474 3.137 4.703 6.615 8.887
Y0(xt8) 0.144 0.443 0.833 1.303 1.856 2.499 4.027 5.919 8.179

1From Ref.@40#, one can easily derive by means of isospin symmetry the following model independent bound:

Br~K0→p1nn̄!,4.43Br~KL→p1nn̄!,
which gives

Br~K0→p1nn̄!,6.131029.
This bound is much stronger than the direct experimental bound.
9-4
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TABLE V. Phenomenological values ofBi . An asterisk marks an educated guess.

B1
(1/2) B2

(1/2) B3
(1/2) B4

(1/2) B5
(1/2) B6

(1/2) B7
(1/2) B8

(1/2) B9
(1/2) B10

(1/2)

13.0 6.161.0 1.0* 5.2* B6
(1/2) INPUT 1.0* 1.0* 7.0* 7.5*

B1
(3/2) B2

(3/2) B3
(3/2) B4

(3/2) B5
(3/2) B6

(3/2) B7
(3/2) B8

„3Õ2… B9
(3/2) B10

(3/2)

0.48 0.48 1.0* 5.2* 1.060.3* 1.060.3* 1.0* INPUT 0.48 0.48
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ing to several values ofmt8 ~see Table IV!. We found that
the Wilson coefficientsX0(xt8) andY0(xt8) increase with the
mt8 . To get the largest constraint of the factors in Eqs.~15!,
~16!, and~17!, we must use the little value ofmt8 . Consid-
ering that the fourth generation particles must have the m
larger thanMZ/2 @33#, we takemt8 with 50 GeV to get our
constraints of those three factors.

Then, from Eqs.~15!, ~16!, and ~17!, we arrive at the
following constraints:

uVt8s
* Vt8du<231024, ~18!

uIm Vt8s
* Vt8du<1.231024, ~19!

uReVt8s
* Vt8du<1.031024. ~20!

For the numerical calculations, we will takeuIm Vt8s
* Vt8du

<1.231024.
It is easy to check that Eq.~18! obeys the CKM matrix

unitarity constraint, which states that any pair of rows, or a
pair of columns, of the CKM matrix are orthogonal@11#. The
relevant one to those decay channels is

Vus* Vud1Vcs* Vcd1Vts* Vtd1Vt8s
* Vt8d50. ~21!

Here we have taken the average values of the SM C
matrix elements from Ref.@11#. Considering the fact that th
data of the CKM matrix is not yet very accurate, there s
exists a sizable error for the sum of the first three term
Using the value ofVt8s

* Vt8d obtained from Eq.~18!, the sum
of the four terms in the left-hand side of Eq.~21! can still be
close to 0, because the values ofVt8s

* Vt8d are about 1024

order, ten times smaller than the sum of the first three one
the left of Eq. ~21!. Thus, the values ofVt8s

* Vt8d remain
satisfying the CKM matrix unitarity constraints in SM
within the present uncertainties.
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IV. THE NUMERICAL ANALYSIS

In the calculation ofe8/e, the main source of uncertaint
are the hadronic matrix elements^Qi& I . They depend gener
ally on the renormalization scalem and on the scheme use
to renormlize the operatorsQi . But the calculation of̂ Qi& I
is much beyond the perturbative method. They only can
treated by nonperturbative methods, such as lattice meth
1/N expansion, chiral quark models, and chiral effecti
Lagrangians, which is not sufficient to obtain the high acc
racy. We shall present the analysis ont8-quark effects when
considering the uncertainties of̂Qi& I due to model-
dependent calculations.

It is customary to express the matrix elements^Qi& I in
terms of nonperturbative parametersBi

(1/2) andBi
(3/2) as fol-

lows:

^Qi&0[Bi
(1/2)^Qi&0

(vac), ^Qi&2[Bi
(3/2)^Qi&2

(vac). ~22!

The full list of ^Qi& I is given in Ref. @12#. We take the
phenomenological values ofBi @17# ~see Table V! except for
B6

(1/2) and B8
(3/2) which are taken as input parameters w

values calculated by three different nonperturbative metho
Other numerical input parameters are given in Table VI.

We take the values ofB6
(1/2)andB8

(3/2) in three nonpertur-
bative approaches: lattice methods, 1/N expansion, and chira
quark models~see Table VII and Figs. 2–4! in each case.

The numerical results are shown in Figs. 2–4 which c
respond to the three cases of calculating hadronic matrix
ements: lattice method, 1/N expansion, and chiral qu
model. We now present a study fore8/e as functions of
Im l t8 andmt8 : e8/e versus Iml t8 with fixing mt8 is plotted
in Figs. 2~a!–4~a!; e8/e versusmt8 with fixing Im l t8 is plot-
ted in Figs. 2~b!–4~b!; and the allowed parameter space
Im l t8 andmt8 is plotted in Figs. 2~c!–4~c!. We shall analyze
each case in detail as follows.

In Figs 2~a!–4~a! we plot eight lines corresponding t
mt8550, 100, 150, 200 250, 300, 350, 400 GeV, resp
tively. First, we notice that the slope of the line decreases
TABLE VI. Numerical values of the input parameters.

ReA0 3.3331027 GeV Vhh8 0.25 GF 1.16631025 GeV22

ReA2 1.5031028 GeV v 0.045 Iml t 1.3431024

md(mc) 8 MeV mp 138 MeV LMS
4 340 MeV

ms(mc) 130 GeV mK 498 MeV MW 80.2 GeV
mc(mc) 1.3 GeV Fp 131 MeV as(MZ) 0.117
mb(mb) 4.8 GeV FK 160 MeV a 1/129
mt(mt) 175 GeV sinuW 0.23
9-5
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mt8 increases. At a value ofmt8 , about 230 GeV, the slope i
zero because the second part in the right-hand side of
~13! vanishes. The reason is similar to that in SM, i.e., w
increasingmt8 the EW penguin diagrams become increa
ingly important and their contributions toe8/e are with the
opposite sign to those of QCD penguin diagrams so tha
some values ofmt8 there is a cancellation. The behavi
comes essentially oncemt8 becomes larger than 230 GeV
the slope is negative. Its absolute value increases withmt8 .
Such a behavior comes essentially from the change of
Wilson coefficientsyi

(4) as mt8 . Second, from Figs. 2~a!–
4~a!, we found, within the constraints on Iml t8 from the
three rareK meson decays, thate8/e can generally be con
sistent with the experimental average except for some ran
of mt8 once the nonperturbative parametersB6

(1/2) andB8
(3/2)

are taken from values calculated based on the lattice ga
theory and 1/N expansion. Such a range roughly ranges fr
170 to 300 GeV, which can be seen from Figs. 2~a! and 3~a!.
There is no excluded range for the case of the chiral qu
model. This is because in the first two cases, the SM va
(e8/e)SM are about 8.831024, which is much lower than the

TABLE VII. The input values ofB6
(1/2) andB8

(3/2) in three cases.

lattice method 1/N expansion chiral quark model

B6
(1/2) 1.060.0260.05 @48# 0.81 @6# 1.660.3 @7#

B8
(3/2) 0.860.15 @14# 0.49 @6# 0.9260.002@7#
01600
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experimental average. For a large range ofmt8 , (e8/e)(4) is
not large enough to make totale8/e reach the experimenta
average. But in the chiral quark model, the SM value is ab
18.831024 which is in the 1s error range of the presen
experimental average so thate8/e can reach the experimenta
average for all values ofmt8 in the reasonable region. Thu
once the nonperturbative method calculations become m
reliable and the experimental measurements get more a
racy, it may provide more strong constraints on the fo
generation quark from the study one8/e. Unfortunately, we
can’t get any information on the upper bound ofmt8 .

We also plot in Figs. 2~b!–4~b! eight curves correspond
ing to Iml t851.0, 0.75, 0.5, 0.25,20.25,20.5,20.75, and
21.031024, respectively. Thus similar results as those
Figs 2~a!–4~a! are arrived. These curves are divided into tw
types determined by the sign of the fourth generation CK
factor Iml t8 . The reason is also similar to the analysis f
Figs. 2~a!–4~a!. Figures 2~b!–4~b! also show the constraint
on Iml t8 . It is interesting to see that there is an exclud
region from 0 to 0.631024 based on lattice gauge theor
results and from 0 to 0.7631024 based on the 1/N expansion
results, while there is no such excluded region based on
chiral quark model results. The reason is the same as th
the analysis of Figs. 2~a!–4~a!. Moreover, it seems tha
Im l t8 favors the negative values which may be interest
since the negative value of Iml t8 is better to satisfy the
unitarity constraints of the CKM matrix@see Eq. ~21!#.
Therefore if a fourth generation exists, from both the the
FIG. 2. The diagrams of~a! e8/e to Im l t8 ,
~b! e8/e to mt8 , and~c! parameter space: Iml t8
to mt8 with B6

(1/2) and B8
(3/2) in lattice gauge

theory.
9-6
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FIG. 3. Same as Fig. 2 in 1/N expansion.

FIG. 4. Same as Fig. 2 in chiral quark mode
016009-7
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retical and experimental parts, one might be able get us
information on the fourth generation CKM matrix elemen
such asVt8s

* Vt8b which has been studied in our previou
paper@35#.

In Figs. 2~c!–4~c!, we show the correlation betwee
Im l t8 andmt8 . The three curves in the figure correspond
the experimental values of the new world average and itss
error, respectively. It is seen that the allowed parame
space is strongly limited for all three cases when the ra
e8/e is around the present experimental average within 1s
error. The allowed parameter space is divided into two pie
except in the chiral quark model. This is in agreement w
the analyses in Figs. 2~a!,2~b!,3~a!,3~b!,4~a!,4~b!. Such a
small parameter space indicates thate8/e may impose a very
strong constraint on the mass and mixing of the fourth g
eration up-type quark.

V. CONCLUSION

In summary, we have investigated the directCP-violating
parametere8/e in K0-K̄0 system with considering the up
type quarkt8 in SM4. The basic formulas fore8/e in SM4
have been presented and the Wilson coefficient function
the SM4 have also been evaluated. The numerical resul
the additional Wilson coefficient functions have been giv
as functions of the massmt8 . We have also studied the re
evant rareK meson decays: two semileptonic decaysK1

→p1nn̄ and KL→p0nn̄, and one leptonic decayKL
.

ys

.
.

od
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ys

R
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01600
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,

r
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s
h

-

in
of

n

→m1m2, which allow us to obtain the bounds on the four
generation CKM matrix factorVt8s

* Vt8d . In particular, we
have analyzed the numerical result ofe8/e as the function of
mt8 and imaginary part of the fourth CKM factor ImVt8s

* Vt8d

~or Vt8s
* Vt8d and a fourth generation CKM matrix phaseu).

The correlation betweene8/e and ImVt8s
* Vt8d has been stud-

ied in detail with different hadronic matrix elements calc
lated from various approaches, such as lattice gauge met
1/N expansion, and chiral quark model. It has been seen t
unlike the SM, when taking the central values of all para
eters, the values ofe8/e can be easily made to be consiste
with the current experimental data for all estimated values
the relevant hadronic matrix elements from various a
proaches. Especially, we have also investigated the allo
parameter space ofmt8 and ImVt8s

* Vt8d , as a consequence
when considering 1s error of the current experimental da
for e8/e, the allowed parameter space formt8 and
Im Vt8s

* Vt8d is very small and strongly restricted. This im
plies that the experimental data in theK system can provide
strong constraints on the mass of thet8 quark and also on the
fourth generation quark mixing matrix.
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