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We analyze in the four-generation model the first measurement of the branching ratio of the rare kaon decay
K*— 7" v, along with the other processes of #ig— K5 mass differencam, , CP-violating parametes  ,
By-By mixing, Bs-Bg mixing, B(K, —uu), and the upper bound values &°-D° mixing and B(K,
— %), and try to search for mixing of the fourth generation in the hierarchical mixing scheme of Wolfen-
stein parametrization. Using the results for the mixing of the fourth generation, we discuss predictions of
D°-D° mixing (Amp) and the branching ratio of directigP-violating decay procesk, — #°vv, and the
effects on theCP asymmetry in neutraB meson decays and the unitarity triandl80556-282(99)01923-2

PACS numbgs): 13.20.Eb, 12.15:y, 12.60—i, 13.20—~Vv

[. INTRODUCTION sured value relative to the standard model predictions may
imply the existence of a fourth generation with roughly the
In the physics of quarks and leptons, it has been a longame mixing as for the third generation. We will investigate
time since the standard model achieved remarkable succesgrious possible mixings for the fourth generation by impos-
As we show, however, on the issue of the mass generation &g the constraints oK™ —#"»» and other processes of
quarks and leptons and physics such as supersymmetky —Ks mass differencémy , CP-violating parametee,
(SUSY), physics beyond the standard model has becomB4-By mixing, Be-Bs mixing, D°-D® mixing, B(K_
highly regarded. In this direction, the flavor-changing neutral— 7 vv) andB(K_ — uu), and we will study its effects on
current(FCNC) processes play an important role through thethe D°-D° mixing and B(K, — #°»v), of which only the
one-loop effects for the search of additional Higgs bosonsypper bounds are experimentally know@P violation in

new gauge bosons, additional fermions, etc. neutralB meson decays and the unitarity triangle.
Here we focus on the new branching ratio of the FCNC The paper is organized as follows. The four-generation
processK *— 7" vw, which is measured for the first time at model we use here is presented in Sec. Il. In Sec. Il we

the Brookhaven National Laborator=(4.2"3%)x10 20 describe the phenomenological constraints on the model to
[1]. It should be remarked that the central value is 4—6 time$€rch for possible mixings of the fourth generation. In Sec.
larger than the standard model predictio= (0.6 [\ we derive the maximum® mixings allowed by the con- .
—1.5)x 10" 1°[2], though the measurement is consistent withstraints. In Sec. V we discuss the consequences of the mix-
the theory within the experimental errors. ings on theD%-D° mixing and the branching ratio of a_mother
This processk*— " vv was studied by Gaillard and FCNC decay procesB(K —m°vv), CP asymmetry inBy
Lee in 1974 and they obtained a branching ratio-gf0-1©  meson decays and the unitarity triangle, and finally we give
by using the short-distanc&/-W box andZ%penguin dia- conclusions.
grams in the “four-quark” model[3]. After that in 1981,
Inami and Lim derived the rigorous expressions for these and

other related diagrams relevant to the FCNC processes and Il. THE FOUR-GENERATION MODEL

studied the effects of superheavy quarks and leptort,in For the unitary 44 quark mixing matrix in the four-
—uw, Kt =7t vy, andK®-K° mixing [4], before the top  generation scheme, we will use the Hou-Soni-Steger param-
quark was discovered. etrization[8]. The form of this parametrization is so compli-

In this work, we analyze the new branching ratiokof cated that we will not cite it here. It has, however,
— o vy in the four-generation mod¢b—7] under the ex- an advantage over the others that the third column
pectation that the above-mentioned factor 4-6 of the meaand the fourth row have simple forms such

that (Vup,Veb, Vin, Vi) = (Szcueil(ﬁlasyczcu ;CyC.Cy _,Su)
and  Vyg, Vs, Vb, Vip)=(—CuCySye' %3 —cys,e'?2,

*Email address: hattori@ias.tokushima-u.ac.jp —54,CuCyCy), and V,s=s,C,C,—S,8,5,€ (%27 %), so that
"Email address: hasuike@anan-nct.ac.jp the three mixing angles,(=siné,), s, ands, give the ele-
*Email address: wakaizum@medsci.tokushima-u.ac.jp mentsV,s, V¢p, andV,,, respectively, as in the standard
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model, and the phasé; corresponds to the Kobayashi- TABLE I. Combinations of relevant mixing matrix elements for
Maskawa (KM) CP-violating phases™ [9]. The angles Amg, b—sy, K*—a"vvand (K — uu)sp for the third genera-
sy(=siné,), s, ands,,, which give the elementg;,, Vs, tion in the standard model and the four cases of the fourth genera-
andV,.4, respectively, are new mixing angles, apg and  tion mixing.

¢4 are new phases. andb’ are the fourth generation up and

down quark, respectively. Mixing Amg,  b—sy K'—a'vy (Ki—pu)sp
Since the magnltude of the_three elemevits, \./Cb’ an_d (Vig Vie,Vin) ViV, ViVip VigVie VigVie
V., are experimentally determined from the semileptonic deus A21) 3 X A5 A5

t’let’Sth’b) Vt’dvt’b Vt’SVt’b Vt’th’S Vt’dvt’s
A AAN9) A8 N A° \°
4')\3,}\2) )\6 )\5 )\7 )\7
(NS A2 A A8 A5 AS
(N2 N2\ A8 AS A A

respectively, and are not affected by the existence of th
fourth generation, we use the same values for the thre
angless,, s, ands, as in the standard modgl] as an input

of our analysis,

cays of hyperonsB mesons to hadrons with andu quark, g

$x=0.22, s,=0.040+0.003, s,/s,=0.08+0.02. (1)

K.—uu((K.—uu)sp) for the standard model and the
our-generation model with the first four cases of mixing of
g. (3. As seen in Table I, the first two cases of
Vi, Ves,Vep) =N A4N%) and (4 \3\?%) give too
small contributions to affect the branching ratio Kf"

— " vv and they also do not give any significant contribu-
Vig Vs Vao tions to Ade and K, —uu)sp- The third case of
(Vg Virs, Vo) =(A3,A%,\) gives the same order of contri-
butions toK " — 7 vv and (K, — uu)sp as in the standard

We search for the mixings of the fourth generation al-
lowed by the experimental quantities related to variou
FCNC processes. The mixing among the three generations
the standard model is known to be hierarchical as is wel
expressed by the Wolfenstein parametrizafiv@|

V(S): Vcd Vcs Vcb

Vi Vi Vi model. It turns out that even this favorable case)df,§2,\)
does not contribute tdd—sy so much as in the standard
1—-\2%/2 A A(p—in)\® model, so we will not include the procebs-sy in the fol-
_ \ 1-\2/2 AN2 lowing numerical analysis. Although the fifth and sixth cases

o, . ' of (Virg,Ves: Vo Vep)=(A3A31\) and (2N, 1)) of
A(l=p—=inN\® —AN 1 Eq. (3) are interesting, these cases have proved not to lead to
2 any favorable solutions in our numerical analysis.

where\ =sinfc(=0.22) is the expansion parameter in the IIl. CONSTRAINTS ON THE MODEL

Wolfenstein parametrization. In the spirit of this parametri- _ _

zation, we will study the following cases of the fourth gen- ~ The constraints we impose on the model to search for the
eration mixing to derive a “maximum” one allowed by the fourth generation mixing are the followings, —Kg mass

above-mentioned constraints: difference Amy=(3.522+0.016)x 10 *?> MeV [11], CP-
violating parameter in the neutral kaon system=(2.28

(Vg Vs, Vorp Vs ) = (A2 N \3,1), +0.02)x 103 [11], Amg_= (3.12+£0.20)x 10 ° MeV [11]

(VA3 N20), for Bg-By mixing, B(K* — 7" vv)=(4.23)x 1072 [1],

Amgg>52.0<1071% MeV [12] for B¢Bg mixing, Amp

2

(M AZND), <1.4x10"1° MeV [13] for D°-D° mixing, B(K,— m°v)

(NZA2\,1), <5.8x10°° [14] and B(K, — uu)sp<2.2X10°°, where
the upper bound of the short-distance contributiorB{d<,

(N3 AZ1N), —uu) is taken to be the value estimated byl@eer and

(AN Geng[15]. As for the directlyCP-violating parameter in the

T neutral kaon systema’/e, the experimental values by the

(ON3\,1), two groups at CERN and Fermilab deviated from each other
by more than 2.4 standard deviations and recently KTeV at

(OA2\,1). (3 Fermilab has obtained a completely consistent value of

. . Re('/e)=(28.0=4.1)x 10 * [16] with the one byNA31 of
Here we are not interested in the last two cases With Re('/e)=(23+7)x 10" [17]. The formulation ofs'/e in

=0 because we will focus on the factor 4-6 of the centraj,q four-generation model with appropriate QCD corrections

. . =
value oLthe mﬁasu(jred Ibranch;]ng rat'%mfd_’”d”l’" rela- s complicated and is out of the scope of our pad. So,
tive to the predicted value in the standard model. we will not includes’ /e here.

Table | shows the products of the relevant mixing matrix Each of the above-mentioned eight constraints is de-
elements of the dominant contributions to the one-loop diag . ihed in the following.

grams in Bg-By mixing (Amg), b—sy decay, K” (i) K_—Kg mass differenceAmy . The short-distance
— vy decay, and short-distandSD) contributions to  part of Amy comes from the well-knowkV-W box diagram
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FIG. 1. W-W box diagram forK —Kg mass difference in the
four-generation model.

with c, t, andt’ as internal quarks as shown in Fig. 1 in the
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whereA is the QCD scale of 0.10 GeV angéh=11—3N;,

N; being the number of active quark favors at the relevant
energy scale, and;,=0(m;,/). 77th turns out to be 0.61 for
m.=1.3 GeV,m,=4.4 GeV,m,=180 GeV,m,, =370 GeV,
and m;, =400 GeV, the constraint on the fourth-generation
quark masses being described at the end of this section.
Similarly, Amy(t,t") andAmg(c,t’) are expressed as

GZM3,
AmK<t.t'>=2FfiBKmK REVisVigVirsVy ]

four-generation model and the contribution is expressed, for

example, for the box diagram with twoquarks as follows:

GZME,
Amg(c,c)= FfﬁBKmK Re[(VesVin) 21 meeS(Xe),  (4)

where S(x) is the Inami-Lim box function[4], X,
=m2/M3, m. being the charm-quark mass. is the QCD

X’r]{(t,S(Xt,Xtr), (9)
2n2
1y — FmWe2 * *
Amg(c,t’)=2 62 fBkMk REVVEgVirsVigl
kg
X ﬂ?trs(xc 1Xt’)i (10)

correction factor including the next-to-leading order effects,yhereS(x, ,x,/) is the Inami-Lim function for thew-W box
andf, andBy are the decay constant and the bag parametefjagram witht andt’ quark in the internal lind4] and the

of the kaon, respectively. By taking for these parameters, th
values ofm.=1.3 GeV, ,=1.38[2], fx=0.16 GeV and
Bx=0.75+0.15[2], we obtain from the inputs of Eql) the
(c,c) contribution asAm(c,c)=(2.6—3.9x 10 *? MeV,

which is already consistent by itself with the measured value,jnic matrix elemen

Numerically, ,t) and {,t) contributions are very small in
comparison with thed,c) contribution, so we take a con-
straint for the fourth-generation contributions to be

Amg(c,t’)+Amg(t,t")+Amg(t’,t")
Amg(c,c)

| ©)

as a loose constraint, since these are a large amount of t
long-distance contributions. In E¢5), (t',t") contribution,
Amg(t’,t"), is given as follows,

2n 12

FViw

o7 KBk R (VeraVyg) 2T SOxw),
6)

where XtrEth,/M\ZN, m;, being the fourth-generation’
mass, and5(x,,) can be approximated as 0.3(?,732 for 130

<m,, <1200 GeV.7;,,, is the QCD correction factor which
is taken here to the leading order as
}6/21

N

Amg(t't')=

ag(my)
ag(mp)

as(mb,
ag(my)

ag(mp)
ag(mg)
6/19

K _ o ) 6/21
nt’t’ - [as(mc)]

ag(mr)
ag(My)

()

In EqQ. (7), ag(m) is the running coupling constant in QCD
and is expressed as

41

) (A2,

)

BCD correction factor97th, and 772, are taken as 0.5 and
0.6, respectively.

(i) CP-violating parameter in neutral kaon systesy,.
The quantityey is expressed by the imaginary part of had-
it of the effective Hamiltonian withS
=2 betweerk® andK®, to which the short-distance contri-
bution comes from th&/-W box diagram as im\my . The
box contributions withc andt quark and with twat quarks
give the expressions of

1 G2My
H=————"f2B IM[ V. V* V, V&
he SK(C ) \/EAmK 6772 kBkMk m[ csVedVts td]
X 75 S(Xe X0), (11)
GZM3Z,
ex(t,t)= ——— 2B my IM[(V V)2
k(t,t) VZAmye 1272 KOKMK [(VisVia)]
X 7RS(xy). (12)

If we take the QCD correction factors including the next-to-
leading order as 75=0.47 and 75=0.57 [2], the
dominant terms in the ¢it)- and (,t)-box contribu-
tions lead toey(c,t)=2.83x10 3By sing; and ey(t,t)
=2.41x 10 3By sin(2¢,) in the standard model, whetg, is
the CP-violating phasesM. Since the magnitude of these
two contributions is already close to the measured valye
=(2.28+0.02)x 10" by taking into consideration the theo-
retical uncertainty in the bag parameter vally=0.75
+0.15, we take the constraint froax on the model that the
sum of the contributions frong, t, andt’ quarks should be
within the 1o error of the measured value,

>

ij=ctt'i<j

e(i,j)=(2.28+0.02 x 10 3, (13

113008-3
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FIG. 2. W-W box andz®-penguin diagrams foK * — 7+ vv.

(iii) Bd-gd mixing, Amg . The mass difference between
the two mass eigenstates Bf-B, system is given by the

W-W box diagram, and thett)-box contribution is ex-
pressed by

GZM3,
Amg (t,t)= ?féBBmBJVmVTdF??ES(Xt), (19
an

wherefg andBg are the decay constant and the bag param
eter forBy meson, respectively, ant;I[Bt is the QCD correc-
tion factor including the next-to-leading order effects. By
taking for these parameters the values Bgfz=(0.20
+0.04) GeV andyE=0.55[2] and by using the inputs of
Eg. (1), we obtain the {t) contribution Amg(t,t)
=(1.75-3.95KX 10 ° MeV in the standard model. This
value is consistent with the measured vaIAede=(3.12
+0.20)x 10 1° MeV [11]. Since €,c) and (c,t) contribu-
tions are numerically very small in comparison with thg)
contribution, we take the constraint framg  on the model
that the sum of the contributions fromandt’ should be
within the 1o error of the measured value as follows:

2np2
FYi'w
62 F&BaMe, | (VinVig) 275 S(x) + (Ve ) 270 S(Xe)

* B
+ 2thV:‘thrth,d77tt/S(Xt ,Xtr)|

=(3.12:0.20 X 10 1° MeV, (15)
where we take for the QCD correction factt)F,t, the fol-
lowing expression to the leading order,

N

as(pe) o1

ag(my)

ag(my)
ag(my)

nEt,=[as(mt>]6’2‘{ (16)

which turns out to be 0.58 for the same set of parameter

values as forntK,t,. Another QCD correction factor;tBt, in
Eqg. (15) is taken as 0.5.

(iv) B(K*— " vv). The short-distance contributions to
the FCNC decaK " — 7" vv come from thew-W box dia-
gram andZzC-penguin diagrams as shown in Fig. 2 in the

four-generation model. The expression for the contributions .

including the next-to-leading order QCD effects is given by
Buchalla and Bura$19,2Q in the standard model and are
summarized in Ref[2]. We add to their expression of the
branching ratio the contribution frori-quark exchange as
follows:

PHYSICAL REVIEW D 60 113008
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FIG. 3. The dominanW-W box diagram forD®-D° mixing in
the four-generation model.

— Vch:s thVt*s
B(K"' =7 vv)=x, N 0 N5 7 Xo(Xt)
2
VirgVyg
+ )\5 nt'XO(XI/) ’ (17)

where k. =4.57x10" 1%, P is the sum of charm contribu-
tions to the two diagrams including the next-to-leading order
QCD correction$20] and X, is the sum of théV-W box and
Z%-penguin functions without QCD corrections calculated by
Inami and Lim[4], the expressions d?, and X, being sum-
marized in Ref[2]. In Eq. (17), 5,(=0.985) is the next-to-
leading order QCD correction factor to thguark exchange
[2,19], and we takex;;=1.0 fort’ exchange, sincey; is
almost 1.0 and the running distance for the QCD corrections
for t' exchange is shorter fam,,>m, than that for thet
exchange. The constraint is that the branching ratio of Eq.
(17) should be consistent with the measured value of branch-
ing ratio B=(4.2"35x107° [1], since the long-distance
contribution is estimated to be very smaB-10 %) [21].
We do not take into consideration the mixing effect in the
leptonic sector. .

(v) Bs-Bg mixing. The dominant contributions tB¢-Bg
mixing are theW-W box diagrams with andt’ exchanges as
in B4-By mixing. We take the constraint that the sum of
(t,1), (t,t"), and ¢’',t") contributions toAmBS should be
larger than the present experimental lower bour_\aimBs
>52.0< 10" MeV [12], whereAmg_is the mass difference
of the two mass eigenstates Bf-B¢ system. The constraint
is expressed as follows:

i
o2 f3.Be,Me | (VioVie) > 7 S(x0)

B
+ (Vt’bv;kfs)znt'tfs(xt’)
B
+ 2thV:[ksVI’bV;k’57]n’S(Xt vXt’)'

>52.0x 107 1% MeV. (18

We take the quantit)(/BBszS to be equal to that foBd-Ed
mixing, and the QCD correction factovﬁt, 77th , and ntBt,
are equal to the ones f@y-By4 mixing. o
(vi) D%-D° mixing. The dominant contribution tB°-D°
mixing in the four-generation model is th&-W box dia-
gram with fourth-generation down-qualk exchang¢22] as
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TABLE Il. Typical solutions for the fourth-generation mixing,(,s, ,s,)=(0.8.3,0.8\2\) in case of
(my, my)=(400, 370) GeV for the three phases oi(¢,,¢s). Predictions of B(K'— " vv)
X (10719, Amp (in 102 MeV), B(K, — #%v) (10 19, and theCP asymmetry foB4— J/ /K g are added.

1 b &3 Kt—atvr Amp K —mlvr C(Byg— I yKyg)
372 wl6 w2 2.8 0.8 11.7 -0.37
w4 w3 0 2.2 1.8 8.7 0.24
372 w2 w4 2.3 1.6 8.6 -0.34
7712 w2 3ml4 4.1 0.6 16.7 0.26
w2 5m/6 w2 1.7 0.7 7.0 0.25
3ml4 T 3ml4 1.5 0.8 5.8 0.17
137/8 T 3ml4 2.7 0.7 9.9 —-0.35
2 716 11m/12 1.7 0.4 6.6 0.30
i3 47l3 13712 2.1 0.4 8.0 0.32
wl2 27 774 1.6 2.0 6.2 0.34

shown in Fig. 3. We take the constraint that this contributionthe following numerical analyses, since the numerical result
to the mass difference between the two mass eigenstates of Amp(b’,b’) is of the order of 101? MeV for the range of
the D°-D? system should be smaller than the present experifp JBp=(0.1-0.3) GeV. Incidentally, the standard model
mental upper bound13], Amp(b’,b’')<1.4x10 ° MeV,  prediction ofAmp is around 10 MeV [22].
since the standard model box contribution of tequarks (vii) B(K_— 7%vv). The proces¥,— 7%vv is the “di-
exchangg 23] and the long-distance contributiof24] are  rect” CP-violating decay[25] and the rate is expressed by
estimated to be three to four orders of magnitude smallethe imaginary part of sum of the sam&-W box and
than the upper bound. The constraint is expressed as Z%-penguin diagram amplitudes aski' — 7 vv [2], since

the CP-conserving contribution is known to be very strongly

% 5\, ) . ) suppressed26]. Therefore, we take the constraint that the
Amp(b’,b")= 62 foBpmp REL (V¢ Vup)“] sum oft andt’ contributions to the branching ratio should be
smaller than the experimental upper bouft4], B(K_
% an,b,S(Xb,) —m%vr)<5.8x10°°. The constraint is expressed as
<1.4x1071° Mev, (19
IM(VigVE) Im(VyaVy,o) i

wherexb,EmE,IM\ZN. We take for the QCD correction factor K
"E/b/ the following expression to the leading order,

a’s(mt) 6/2 as(ﬂb’) 621
agmw} Tagmo} (20

5 7 Xo(Xe) + G 7t Xo(Xyr)

<5.8x107°, (21)

an=D%UWn@ﬁ
wherex, =1.91x 1019, X, is the same function ang, and
which is about 0.58 fop, =mj,, =370 GeV,m;=180 GeV, 7, are the same QCD correction factors as appeared in Eq.
andm,=4.4 GeV. We tentatively také,Bp=0.2 GeV in  (17) for K* -7 vv.

TABLE IlI. Typical solutions for the fourth-generation mixing,s, ,s,) = (0.5:3,0.502,)\) in case of
(my, my)=(800, 770) GeV for the three phases of(¢,,¢3). Predictions of B(K™— 7" vv)
X (10719, Amp (in 10 2 MeV), B(K, — #%vv) (10 19, and theCP asymmetry foB4— J/ /K g are added.

&1 by b3 Kt—mtvy Amp K —mvr Ci(Bg— K )
5m/12 I3 0 2.8 1.1 11.5 0.26
w2 2 wl6 2.6 0.9 10.6 0.19
5m/12 2nl3 i3 2.7 0.6 10.8 0.17
2 5m/6 w2 2.7 0.3 11.0 0.22
wl2 a 473 4.8 0.1 19.8 0.38
7712 77l6 3m/2 4.5 0.3 18.5 0.37
157/8 3m/2 0 5.1 0.4 19.5 -0.13
w2 3m/2 11716 4.6 0.7 19.2 0.32
774 5m/3 wl6 5.0 0.5 18.6 —-0.32
197/12 11716 i3 5.2 0.4 18.0 —0.40
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TABLE IV. Typical solutions for the fourth-generation mixing,{,s, ,s,) = (0.33,0.3A?,\) in case of
(my, my)=(1200, 1170) GeV for the three phases @b;(¢,,¢3z). Predictions of B(K' — " vv)
X(1071%, Amp (in 1072 MeV), B(K, — 7°vv) (10 %9, and theCP asymmetry foB4— J/ /K g are added.

0

o1 o &3 Kt—atvr Amp K —mlvr Ci(Bg— I yKy)
5m/12 wl6 23m/12 1.0 0.7 3.8 0.30
w2 wl3 0 1.5 0.5 6.1 0.27
7712 2 716 1.4 0.3 5.7 0.18
273 5m/6 712 0.9 0.1 3.7 0.18
w2 o 3ml4 1.0 0.01 3.8 0.29
5m/12 4713 5m/3 2.9 0.1 12.0 0.39
5m/12 32 7ml4 2.1 0.3 8.5 0.36
5m/12 53 23m/12 2.3 0.4 9.0 0.30
w4 11716 wl6 3.1 0.4 12.8 0.14
72 2 T7l4 1.1 0.5 4.2 0.35

(viii) B(K_—uu)sp. The procesK, — uu is the CP-
conserving decay. The short-distan@D) contribution is
given by theW-W box andZ%-penguin diagrams and the
branching ratio for this part is expressed[2$

qucdv::c
A

Re(VigVis)
B(KL—up)sp=k, N

)
S P,

2
. ReVyaVie

5ol | (22

where ,=1.68x10"°, P{ is the sum of charm contribu-

The value ofp, is now pg=0.9998+0.0008[27], and this
constrains the masses ofandb’.

IV. POSSIBLE MIXINGS OF FOURTH GENERATION

We search for possible mixings of the fourth generation
allowed by the eight constraints in the previous section by
testing the typical hierarchical mixings of E(B) with the
intention to obtain the “maximum” mixing compatible with
the considerably large branching ratio of the rare decay
— 7" vv with a factor of 4—6 as compared with the predic-

tions to the two diagrams including the next-to-leading order

QCD correctiong20] and Y, the sum of thenV-W box and

ZC-penguin functions without QCD corrections calculated by

Inami and Lim[4], the expressions d?} andY, being sum-
marized in Ref[2]. In Eq.(22), 7/(=1.026) is the next-to-
leading order QCD correction factor to thguark exchange
[2,19 and we taken:(,=1.0 for t' exchange for the same
reason as stated fa¢" — 7 vv. We take the constraint that
the branching ratio of Eq(22) should be smaller than the
upper bound of the short-distance contributi@f] as stated
before at the beginning of this sectio®(K, — uu)sp
<2.2x10° % We do not take into consideration the mixing
effect in the leptonic sector.

For the masses df andb’, there is a constraint from
parameter. If we denote the parametgras

My

=— (23
M2 cos fyp

Po

where sif 6, is the Weinberg angle angl is the quantity
MZ/(M3cog 6,), which involves the radiative correction
effects from Higgs doublets and top-quark mass, tlgn
—1 describes new sources of &) breaking. The fourth

generation makepg, deviate from 1 a$27]
2
3Gk 5, Ampmy, o my
=1+ ——| m,+m, — In—1|. (29
Po 8\/5772 i b tz,—mi, My

ViaVib
Vudvu*b ¥
] VeaVilh
VeaVah ¢3
(b)
ViVl
VadV e
VedV'h N\ VeaVisy
(c)
VeV
VeaVi,
VaaVy
ViV

FIG. 4. Typical examples of the unitarity quadrangle for
(Sw.Sy,Su) =(0.8\3,0.8\2,\) in case of (n,, m,)=(400, 370)
GeV. (@ ¢=72, ¢=2m z=im, BK'—=m 1)
=1.6X10"10, C{(By—J/yKg)=0.34.(b) p1=m/2, po=32, b3
=ml2; B(KT =7t vr)=1.7x10"1% C¢(By—J/yyKs)=0.25. (c)
br1=27, do=7, p3=om; B(KT =7 vp)=2.7x10"19 C4(By
—J/yKg)=—0.35.
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(a)
‘ VidVi
VaaVi ViaVi
‘/cd c’;)
(b)
ViV
VudVJb
VeaVii \/’ VeaVy
(c)
VeaVii
VeaVily
VudVJb
ViaVi

FIG. 5. Typical examples of the unitarity quadrangle for
(Sw,Sy,Su) =(0.5.3,0.5\2)\) in case of (,, m,)=(800, 770)
GeV. @ =72, ¢=3m, =%m B(K =7 D)
=4.6X1071°, C((By— I/ yKg)=0.32.(b) 1= 57, dhp=37, p3
=xl3; B(K" =7t vp)=2.7x10"1% C{(By—J/¢Kg)=0.17. (c)
b1=12m, do=m, ¢y=7l3; B(K'—>atrr)=5.2x10"1°
Ci(By— I/ K g) = —0.40.
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(a)

ViaVij
Vude
Vt’thl*b
VeaVih
(b)
.
VgV ViaVip
~ ViV
VeaVii

(c)

VidVih
VudVN
VeaVihy

VaaVid

FIG. 6. Typical examples of the unitarity quadrangle for
(Sw»Sy,Su)=(A*\3\?) in case of (,, my)=(400, 370) GeV.
@ ¢1=712, p=ml6, ¢pz=%m B(K* =7 v1)=0.94x10"1°,
Ci(Byg— Il pKg)=0.30. (b) ¢y=1l4, pp=l6, pa=>m; B(K*

— 7 vr)=0.89x10 0, C{(By—J/yKg)=0.28. () ¢,=l4,
b=l3, pz=2m, BKToatrr)=1.0x1071%  C((By4
—J/yKg)=0.29.

tions in the standard model. From this point of view, the last

two cases withV;,4=0 of Eqg. (3) are not interesting here.
Free parameters are the three phases ¢,, and ¢5 of

the 4<4 mixing matrix. As for the masses of the fourth gen-

eration quarks, we choose tentativelym¢(, my)
= (400, 370),(800, 770, and(1200, 1170 GeV as typical
ones, which are compatible with the constraint of E2f).
We vary the three phases in the range &t @;,¢,, s

<2. We found no solutions compatible with the eight con-

straints for the exotic fifth and sixth cases of
(Virg:Vis: Vi, Vop)=(A3A21)\) and W2 \,1)\) of Eq.
(3). So, we focus on the first four cases of E8) here.
Strong constraints come fromy , ex, By-By mixing,
K"—a7" vy and K_—uu)sp. In the standard model, the
largest contribution comes from the top quarks By-By
mixing, K* — 7 vy and K_— uu)sp, and there the com-
bination of the relevant Cabibbo-KMCKM) matrix ele-
ments isVgVy,~\°2 for B4-By mixing andV Vi~ \° for
K*—atvrand (K .— uu)sp. On the other hand, the com-
binations of the corresponding matrix elements tfoquark

are shown in Table | for each of the above four cases. Bymplitude

For the case of X3,A?,\), almost all the quantities satisfy
the constraints with only one exception B{K, — uu)sp,

for which this mixing gives a value several times larger than
the upper bound. The last case of’(\?\) predicts too
large values foB(K*— 7" vv) andB(K, — uu)sp. These
results imply that the mixing of\3,A?,\) is a little large for
the fourth generation and it turns out that a mixing wsth
and s, reduced by 20%, that s, s{,S,,Su)
=(0.8\3,0.8\2,)\) satisfies all of the eight constraints for
(my, my)=(400, 370) GeV, the one witk,, ands, re-
duced by 50%, that is,s(,,s,,s,) = (0.5\3,0.502\) satis-
fies them for (,,, my)=(800, 770) GeV and the one
with (s,,S,,S,)=(0.3\3,0.3\2,\) does for ,, my)
=(1200, 1170) GeV as a maximum mixing. This strong
energy-dependence of the reduction factors
(sw/N\3,8,/N2%,s,/\) is valid and reasonable, because the
contribution of thet’-quark exchange to the decay ampli-
tudes of botlK ™ — 7+ v andK, — 7°vv is proportional to
ViV Xo(Xer) = 5SwSy(Myr /M) 2 (37 %2) | the one to the

of K.—uu)sp Iis Re(Vt'dV:S)Yo(Xt’)

comparing these combinations between the standard model 15,8, (M /M )2 cosbs—,), the contribution toAmy

and the four-generation model, the numerical analyses giv:

the following results: the cases of s,s,,Sy)
(=(Vea Vel [Vep))) =\ A% 2\%) and (2% \?) give

almost the same predictions to the above-mentioned eigt0.70%5s5(m /M

8
B R (V) Vo) 21S(x) =0.70%252(m, /My,) H04cos2¢,
—¢3), and the one toAmg is [V{ Vip|?S(x)

1.64
w) o

quantities as in the standard mode, since the contributions of We show several typical solutions with respect to the
the fourth generation are very small, as seen from Table fthree phases di,¢,,43) for the maximum mixing
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TABLE V. Comparison ofB(K*— 7 1), X, (B<-Bg mixing), Amp , and B(K,— #°»») among the
experimental values, standard mo@®M) predictions, and four-generation model predictions.

B(K"—=m"vv) Xs Amp (MeV) B(K, — 7%vv)
Experiments (4.2°3)x10°10 >12.8 <1.4x10° % <5.8x10°°
SM (0.6-1.5x10°1° 19-27 ~10714 (1.1-5.0x10™*
Four-generation (0.6-5.10 *° 19-29 (0.01-2.1x 10 *? (0.05—22)x 1010

(sw.Sy,Su)=(0.8.%,0.8\2,\) in the case of if,,, m,)  [(1.1-5.0x10 ! [2]]. These results are summarized in
=(400, 370) GeV in Table Il, the ones forsy,s,,S,) Table V.

=(0.5\3,0.502,\) in the case of ify,, m,/)=(800, 770) The maximum mixing gives an interesting effect on the
GeV in Table Il and the ones for s{,s,,s,) CPasymmetry of the decay rates of the “gold-plate” mode
=(0.330.3\2\) in the case of i, my) of By mesonBy—J/yKs. The asymmetry is given by
=(1200, 1170) GeV in Table IV. The values of

(¢1,¢,,¢3) allowed by the constraints constitute a certain _F(BdHJ/lﬂKs)—F(EdHJ/wKs) o5
region in the plane, surrounding each of the solutions in T T(By— I yK)+T (By—JlyKg) ' (25)
Tables Il, 1ll, and IV. In the tables, we also give the predic-

tions of B(K™— 7" vv), Amp, B(K,— 7%vv), andtheCP  and itis expressed 428]
asymmetry forBy— J//Kg, which is explained in the fol-
lowing section, for each of the solutions. Xq X4
As can be seen from Tables II-IV for the “maximum” Ci=— ImA= 5 Sin2B, (26)

mixing of - : 1+x3 1+x3

g of the fourth generation, the constraints from all the

seven quantities considered here exc&K ™ — 7' vv) —

could predict the values (0.6-5210 ° for B(K™ _  [MLA(B— YKy 27
— " vv), including the values just outside the predictions VM pA(Bg— I PKg) '

of the standard model, (0.6—1810 *° and not so large as _

the upper part of the measured value of (0.7—wherexy is the mixing strength oBgy-By mixing, M, the
13.9)x 107 1% This means that all the seven quantities excepbff-diagonal element of the mass matrixBy-B, systemA
the present measurement B{K*— =" vv) have already the decay amplitude, and is one of the angles of the uni-
implied the fourth generation with the mixing as large astarity triangle. In the standard modg29], the quantityC;
(Sw.Sy,Su)=(0.813,0.8\% \) for m,; =400 GeV and so on takes a positive sign as 0.4&;<0.37 for By—J/¢YKs,
and that they could predict the quantitiesxgf Amp, and  resulting from the phase range o&Qp,<, which is con-

B(K —m vv) in the range of values shown in Table V, strained from the positive sign of tf@P-violating parameter

which is explained in detail in the next section. ex . However, in the four-generation modé&l], C; can take
a negative sign also as0.38<C;=<0.40, since the phasg,
V. DISCUSSIONS AND CONCLUSIONS takes the whole range of<0¢; <27 due to the occurrence

of the two more new phases, and ¢5. For the moment,

sin 28 of Eq. (26) has recently been measured to be positive
as sin 8=(3.2"38+0.5) by OPAL Collaboratior{30] and
sin2B8=(1.8+-1.1+0.3) by Collider Detector at Fermilab
(CDPF) Collaboration31], which means that; is positive as

in the standard model. We should add that although the pen-
guin diagrams could affect the decay amplitude in the four-
Amp of D°%D° mixing could have a value (0.01 generation model, they would bring at most several percent
—2.1)x10" 12 MeV, extending to about two orders of mag- change ofC; .

nitude larger than the SM prediction~(10~ 4 MeV [23)), The unitarity triangle in the standard model transforms
and the branching ratio oK, —7°vv takes a range of into unitarity quadrangle in the four-generation mofig].
(0.05-22)x 10 1 ranging from the SM values to the val- For the “maximum’” mixing obtained here, some of the typi-
ues of two orders of magnitude larger than the SM predictiorcal quadrangles are shown in Fig. 4 foy, =400 GeV and in

We can obtain the following predictions from these maxi-
mum mixings: the branching ratio d* — 7" vv takes a
range from the standard modétM) values to the central
value of the new measurementBs- (0.6—-5.2)< 101, the
strength of Bs-Bg mixing is 19<x,<29, where Xq
=Amg /T'g,, F_BS being the total decay rate &5 meson,

TABLE VI. The same as in Table Il except thBf =0.75+0.05 andféBB=(O.20t 0.01Y Ge\2

b, by &3 Kt—saTvy Amp K —mvr Ci(By— K yg)
ail4 al3 0 2.2 1.8 8.7 0.24
w2 57/6 al2 1.7 0.7 7.0 0.25
w2 776 117/12 1.7 0.4 6.6 0.30
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TABLE VII. The same as in Table Ill except th8=0.75*0.05 andf3Bg=(0.20+0.01) Ge\~.

1 & &3 Kt—mtvr Amp K —mvr Ci(Bg— Il YK )
w2 5m/6 w2 2.7 0.3 11.0 0.22
w2 a 473 4.8 0.1 19.8 0.38
157/8 3n/2 0 5.1 0.4 19.5 -0.13

Fig. 5 form,, =800 GeV. The fourth side of the quadrangle, values asB=0.75+0.05 andfg\/Bg=(0.20+0.01) GeV,
Vt,dvf,b, is of ordern?, while the other three sides are of we can still find some of the solutions such as listed in
order\®. The first two quadrangles of Figs. 4 and 5 are forTables VI and VII form;, =400 GeV and 800 GeV, respec-
positive sign ofC;. The third ones of Figs. 4 and 5 are for tively. o . . o
the negative sign o€; and are reversed with respect to the ~Summarizing, we find “maximum” mixings of the fourth
base lineV 4V?%,, since¢,>m, where, corresponds to the generation Vird,Vis,Virp)=(0.817,0.8\%\) for
anticlockwise angle measured frofV%, to V,gV*, and  (Me ”;b'):g“oo’ 370) Ge\i, Vva,Vis, Vi)
¢ to the anticlockwise angle frond gV, to VgV, . In- =(0.3:%,0.5\%2) for (3mt" Zmb,)—(800, 770) GeV and
. . . (Vt,d,Vt,S,Vl/b)Z(Oﬁ)\ ,03)\ ,)\) for (mt/, mbr)
cidentally, the quadrangles for the solutions with smaller* ; . ! .
- PN INE N - =(1200, 1170) GeV, which are consistent with the eight
mixing of (sy,Sy,Sy) = (A" A°\°) for m,=400 GeV are . N - . N P
given in Fig. 6. In this case, the size of the fourth Side,co'n'stramtosgo M, &k Bd'BdOmB('ng’ K'=m vy, BsBs
VydVY,, is of order\® and is about 1/100 that of the side MXing, D™-D7mixing, K, —7"vv, and K —uu)sp. The

V¢qV%, and the quadrangle could not be distinguished fron"aSS differenc& mp from D-D" mixing and the branching
the triangle, and the branching ratio i§f* — 7 v is pre- ratio of K, — 7" vv could reach the values one to two orders

dicted to be in the range of (0.6—1:210~°, which agrees of magnitude larger than the standard model predictions, and

with the predictions of the standard model. So, if the futurethe CP asymmetry of the decay rates Bf—J/iKs could

measurements o€ * — 7+ v show its branching ratio to be take a value of the opposite sign to the SM one. Measure-

in the range of the standard mode values, the large mixing ents ofAmp and B(Kk_’wi’”i are expected tc_) b_e done

the fourth generation obtained here as the “maximum’ one2nd further data oB(K ™ — " »v) with more statistics are

will not be allowed. required.
We should remark that this large mixing of the fourth

generation we found here is not due to the fairly large theo-

retical uncertainties irBx=0.75+0.15 andfgy/Bg=(0.20 We are grateful to Takeshi Komatsubara, Minoru Tanaka,

+0.04) GeV. Even if we prescribe to reduce the uncertain-Takeshi Kurimoto, Xing Zhi-Zhong, Masako Bando, C. S.

ties of these quantities by 1/3 to 1/4 keeping the centralLim, and Morimitsu Tanimoto for helpful discussions.
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