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Consequences of the improved Kobayashi-Maskawa matrix for mixing and CP nonconservation
in K -Ko and Bo-B systems
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Department of Physics and Astronomy, University of Hawaii at Manoa, Honolulu, Hawaii 96822
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In light of the new experimental results on 8 decays the parameters of the Kobayashi-Maskawa
(KM) matrix are reanalyzed. The correlated constraints on the t-quark mass, the K -E matrix ele-

ment, and cos5 are presented. All uncertainties and ambiguities are fully exhibited. The conse-
quences of the new knowledge of the KM matrix for mixing and CI' nonconservation in 8 -8 and
8, -8, systems are deduced.

The charge asymmetries in both B -B and 8, -B, can be
as large as 10 but the observable effect (-ar) remains
near 10 (B ) and 10 "(B,).

I. INTRODUCTION

II. KOBAYASHI-MASKA%'A PARAMETERS

The parameters on which new experimental informa-
tion has become available recently are

~
U„, ~, ~

U,b ~,
and

~
U„b

~

. The recent analysis by the CERN WA2 col-
laboration of hyperon semileptonic decays yields a new
value for

~
U„,

~

from their two-angle (Oi and 8„) fit:
~

U„,
~

=0.231+0.003. The lifetime of B mesons has been
measured in two recent experiments. From the results,

rtt ——( 1.2+o $6+0.3) )& 10 ' s

and

rii ——(1.8+0.6+0.4) && 10 ' s,
we take ~ii to lie in the range 0.6&~ii & 1.8 (in units of
10 ' s). Assuming a spectator model for B decays, and
the phase-space and QCD factors as calculated, e.g., by
Cortez, Pham, and Tounsi, we find

o.o4&
i U,b i

&o.o8. (2.1)

These bounds include the uncertainty from the quark
mass being taken to be current or constituent, although
the experience' with semileptonic D decays as well as the
phase-space requirement supports the constituent mass for
the heavy quarks. In deriving this bound on

~
U,b ~

we
already ignored

~
U„b (

in comparison to
~

U,b ~

. This is
supported by the recent bound on I (b ~u ) /
I"(5~c) & 0.05. With the phase-space correction this
yields

(2.2)
/

U„b f
/

/
U,b /

&0.14 .

With the bound on
( U,b ~

this yields for
) U„b ~,

( U„b i &0.0115 . (2.3)

Inserting this new information our current knowledge
of the KM matrix can be summarized by

The recent experimental measurements' of B lifetime
and the tightened bounds on I (b —+u)/I (b —+c) have im-
proved our knowledge of the Kobayashi-Maskawa (KM)
matrix considerably. Initially one used unitarity con-
straints to place limits on the new elements of the mixing
matrix. Then the demand that parameters of the K -ICo
system be reproduced correctly was used to provide much
stronger constraints. However, this approach has been
plagued with uncertainty about the hadronic-matrix-
element evaluation. As more data on the production and
decays of heavy quarks become available, more direct and
reliable information on the KM matrix elements could be
extracted. This program is now almost complete with
the new data on 8 decays.

In this paper we summarize the knowledge of the KM
matrix and its implications in light of these new data.
The current knowledge of the quark mixing matrix is
summarized, in general and then for three generations,
and the bounds on the KM angles presented in the next
section.

In Sec. III we calculate the parameters of the K -K
mass matrix with the new KM matrix. We show, follow-
ing the recent suggestion, bounds on m, (for a given 5) to
reproduce the observed value of e. The uncertainty due to
the unknown value of the matrix element, as well as the
dependence on the precise value of the quark mass used, is
spelled out clearly. We exhibit the values of the matrix
elements needed to reproduce t. and 5m+ ~ correctly.

L S
In Sec. IV mixing and CP violation in B -B and B, -

B, systems are calculated allowing the unknown matrix
element to vary over a wide range. The resulting same-
sign-dilepton rate and asymmetry in e+-e production
are exhibited.

In brief, our findings can be summarized as follows In.
the KM matrix, 0.01&s2 &0.14 and s3 &0.06 for any
value of 5. To reproduce e', allowing for the uncertainty
in B, (the matrix-element factor), m, as low as 25 GeV is
allowed for cs &0. To reproduce 5mI s correctly, the
(corresponding matrix-element factor) B~ has to be about
1.5. For m, &50 GeV, mixing in B -B is very small,
r~0. 1 at c~- —1 to r &10 at c~- + 1. The mixing
in B,-B, can be large, e.g., for m, -30 GeV, r can be 0.6.
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I Uud I
=0»34+0.o24

I Uu. I
=0 231+o 003 o &

I Uub I
& o oI »

0.2&
I U,~ I

&0.24 0.8&
I &~. I

&098 004&
I &cb I

&o o8

« IUIdI &o13
(2.4)

where we have used unitarity to bound the t couplings. These values are quite general and are valid even if the number
of generations is larger than 3.

In the case of only three generations, the KM matrix can be parametrized,

C1 —$1C3 —$1$3
i5 i5

UKM $1c2 clc2c3 2 3e 1 2 3+ 2 3

$1$2 C1$2C3+C2$3e C1$2$3 —C2C3e
i5 i5

(2.&)

III. THE A -X SYSTEM

The evaluation of the E ~E matrix element is
plagued by the unknown dispersive (long-distance) contri-
bution. It was pointed out by Ginsparg et al. ' that for
the CP-violating piece this contribution is perhaps negligi-
ble and the short-distance calculation may then be used to
constrain parameters reliably. The only remaining uncer-
tainty is then the parameter B, relating the actual matrix
element to the vacuum-saturation value. They used
8,=0.33 as determined from relating 1( -I(. to b, T= —,

'
E+~m+ matrix elem'ent. ' We follow their procedure to
find minimum allowed m, by requiring ex to be repro-

I I I I ( I I I I ( I I I I ( I I I I 1 I I I I

.08
8=0

where c;=cosO;, s;=sinO;; t9; are chosen to be between 0
and m/2, whereas 0&5&2~. The knowledge of U„d, U„„
and the fact that $3 is very small fixes $1 to be about 0.23.

Using the constraints on
I Ub, I

and I (b ~u)/I (b ~c)
and assuming a value of c~, it is possible to further reduce
the region of allowed values of s2 and s3. These regions
are plotted" in Figs. 1, 2, and 3 for cs =0, ~, m/2, respec-
tively. The point (s2 ——s3 ——0.037) in the tI=O plot is the
prediction of the permutation symmetry model. For any
6, the allowed ranges are: 0.01 &$2 & 0.14 and
0&$3 &0.06.

I (b +c)=—1

Alp
5

1 ~b
I (b~u)=

Vl@
I

Ub.
I

'&

(3.1)

(3.2)

where a and 13 are dynamical three-body phase-space fac-
tors incorporating all allowed decay modes. For fixed
values of mb ——4.6, m, =1.4 GeV these can be inverted to
give

$3 ——3.6X 10 Rb„
10 12

(3.3)

I Ub, I

—(s2'+s3'+2s2s3 s)

4. 1 &( 10 Roc
10—12

(3 4)

The relationships (3) and (4) place strict upper limits on
the value of s3 and select out a value of s2 once a value of
c~ is chosen.

We choose a slightly different parametrization of e,
namely,

duced correctly. However, we do not believe 8, is
rigorously 0.33 (it may be off by as much as a factor of 2)
and we allow 8, to take on larger values. The b-decay
widths in the spectator approximation (with
c I c2 c3 1 ) are given by

5

~20 I I I I 1 I I I I I I I I I ( I I I I 1 I I I I

S2
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FICx. 1. The allowed region in the s2-s3 plane for 6=0. The
point corresponds to the prediction of Y. Yamanaka, H.
Sugawara, and S. Pakvasa [Phys. Rev. D 25, 1895 (1982); 29,
2135(E) (1984)].
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FICx. 2. The allowed region in the s2-s3 plane for 5=~.
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FIG. 3. The allowed region in the s2-s3 plane for 5=+/2.
T8 (10 "s)

FIG. 4. Minimum value of m, required to reproduce e& plot-
ted against ~~ for several values of 8,(cos5) 0). The band cor-
responds to the change as input quark masses are varied.

2
m, 2(CIS2 C3+S253C2cs)

B,fK mFGF m, s,
c2s2$3ss gI( —cIc2 c3+s2s3c2cs)+'IE2

6 2~5m ~c

+g3ln

2

(cIc2 c3 cI$2 c3 2S2C2S3cs) e'2 2 i 7E/4

~c
(3.5)

where B, represents the uncertainty in the relationship of the physical value of e to the value predicted in the vacuum in-
sertion approximation, fx ——0.1722 GeV is the K decay constant, and gI, g2, g3 are the strong-interaction corrections.
Using the experimental values

~

e
i
=2.27X10, 5mz s ——mx. —mx ———3.5)&10 ' GeV, and sI ——0.229, we examined

the value of m, as cs was varied from —1 to + 1 and selected the minimum m, allowed for each value of rs and B,.
In Figs. 4 and 5, we have plotted the results of this procedure for cs & 0 and cs & 0, respectively, for three values of B,.

As can be seen in these diagrams, lower values of B, require significantly higher values of m, ;„in all cases. The upper
line of each pair represents a maximal choice for the quark masses (mb ——5.2, m, =1.86), while the lower line is for the
values mb ——4.6, m, = 1.4 GeV. We have used the value m =80 GeV in a11 calculations. Comparing the two figures, we
see the choice of quark masses has little effect for cs )0. However, for cs & 0 we find that the higher hght-quark masses
increase the minimum m, .

A11 these considerations are critically dependent on the value of the parameter B„' this effect is illustrated graphically
in Fig. 6 for an arbitrarily fixed value of cs ———0.4. The larger values of B lower the allowed m, significantly. In Fig.
7, for each value of m, and re we vary cs over the full range [—1, + 1] and thus find the minimum value which B, can
assume and still satisfy Eq. (5) for e.

The expression for 5m from the box diagram is

60
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(Gev)

40

Rl, (GeV)
dmin

30

20
20

l.5 IO
0.5

( lp S)

l.5

FIG. 5. Minimum value of m, required to reproduce e~ plot-
ted against ~~ for several values of B, {cos5~0). The upper
edges of the bands correspond to mb-5. 2 GeV and the lower
edges to mb -4.6 GeV, respectively.

FIG. 6. The variation of m, ;„with 8, is shown for a fixed
cos5= —0.4.
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2 p 2 ~$ C25+2C1$2 3 22(Cl g2 C3 C2

+ 2g3ln

2

2C $3C5 —$2$3 C2 25c )
2 2 2S3C1C3cg+ C1C2S (Cl C2 3 (3.6)

h rmed quark (the '9l «ted to be tha«f he
+ l The results

ribution is egpecte o
c f«m 1 to +

the dominant contrl
f 8 as we change c5

strains 8 for al
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-
nanc~ tig" ly

"8 - f."nor reasona
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=1X10— s. e c-
easure of t
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'

Fig. 8 for r~= X
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rsive contribution
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f this procedure
'

some confidence t
'

ntribution and para
e can say wit so

'
ible dispersive con

of my ~ .
that g has negl g

(3.7)

Assumingcontribution '

f ~oifenstein we h»eto 6 in the manner o o eI
I =8 6Plb +D &71~~ex t Bm embox e box

hence

8,
1 —D

14

8m=

——t —, (if D )0).-0.5 to 0.8 for 8,= —, to —,and from the fact tha t 8 =1.5, D=

(3.8)

IN S'-SoING ANIN ND CP VIOLATION IN S -SIV. MIXIN
AND Bs -S s

ee (M, or ep) in, e.g.,same-si n dileptons ( ee, p(M,
' e. .r B B,) system is same-s' -' ee (M,

l s parametrized by r =
The experimen a

—+llX. The size o
'

s
) ( ——,e —+++e ~B 8

'
h leptonic charges (+-

b h hmixing
'

ing is measured by t ec a

= N N++)i(N +N++- —— -—a= N

r and a are given byThe parameters r an
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Reez(1+
~

4R
(1+ f~ 22
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In Eq. (4.1) 6 and e iand ez in turn are

(5m/I ) +(5
2+(am /r)'—

I /I )

—(51 /I ) /4
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S
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FIG. 15. az as a function of m, for several values of cos5.

S

62 2g
~+= — IT(2f+ +f )(UrdUit ) m—s + 3(Tf+ f+f +2'f )(U—idU~bUc—dUcb) mc ISm.

(4.3)

Pl i2=
2 2 2gGF fBBBmg +2 2 ' 2 ) 2 mt

(U,dUtb) m, + —,mb+ —,ms ln
127T2 mb

5m and 5I are given by 5m =2 Rem'z, and 5I =2 Rel &2.

Leading-logarithmic QCD corrections are incorporated
into deviation from 1 of ( —,

' f++ ,
' f ), (f+ f —),and g. —

We have taken 2f+ +f to be 3.23, (2f+ f ) =0.18—,
and q, which depends weakly on m„ is around 0.8. These
values correspond to a AMs (MS denotes modified
minimal-subtraction scheme) of about 100 MeV.

We find that Ime' is large (near 1) over a large range of
parameters. Of course in the asymmetry a in B Bmix--
ing this only has the effect of making the effect slightly
smaller (by a factor of 2). The only possible way to ex-
ploit a large Imez is through observing CI' violation in
exclusive decay modes. '

In Fig. 9, we show the mixing rz as a function of I, as

cos6 is varied from + 1 to —1 corresponding to
fz Bz ——0.01 GeV. In Figs. 10 and 11 rz is given for
f~ B~ =0.025 and 0.04 GeV, respectively. In Fig 12, w. e
show r~ asafunctionof m, as fz Bz isvariedfrom0. 04

S

GeV to 0.005 GeV . Figure 13 shows that rz has very
S

little dependence on cos6 provided the KM angles are
constrained by ~z as well as e~. The charge asymmetry
exhibits very little variation as fz Bs is varied. In Fig. 14
(15) az (az ) is shown against m, with the variation with

S

cos5 exhibited. Here fz Bz was taken to be 0.0225 GeV'.
Finally, in Figs. 16 and 17 the total charge asymmetry
I =ar =(N —X++)IX+ is exhibited for B Band-
8, -8, , respectively. '
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FIG. 14. a~ as a function of m, for several values of cos6. FIG. 16. l~ as a function of m, for several values of cosh.



166731 I.-MASKAWA .KOBAYASHIE IMPROVEDES OP THE

of Qalli

CONST UEN

the manner oI 1 II 1II II II I I I I 1

to-'

lI II

4Q

Pl& (Gev)

II

50

V. CONCLUSION

1 va ue1 es of cos6.f m, for severaas a function of m,FIG. 17. l& as a

Thendominates.
(includingelement inh matrix evalue of t

corrections u

ctor 8, for t e

sy t8 and B, -

11

violation
'
1n 8

but fair y(.) m h

CP violation is n
d are to that ex etrix an a

llows. The new re-oU e tS a a fo o s.
D

T repeat, ou esu s
d I'(b~usuits on wz an

for onable

siderably. In r s2

for a reasona et quark (fore small ang, fo
1(s2 &

anmass c) ontributes ra

EDGMENTSACKNOWL

the U.S. Departmentrk is supported
'
in part by theThis work 1S

nder Con rof Energy und

. S.51, 1022 (1983); N.h s. Rev. Lett.etal. , P y.

osiumS. Stone,
'

e in I'roce
eractlons a

k edited by
fN 1 S

652

man aLaboratory o

wa, Prog. Theor.wa Prog. . Phys. 49, 6
ca, 1984).

6)' L.

. Kobayashi and . wa, Prog3M. o nd

h s. Rev. D
(1973).

awara, P ys.a and H. Sug
628 183 (h s. Lett.

Ellis et al. , Nuc.
v. Lett. 42,

50 (1; . . Hill, Phys.

Phys. Rev.

50 (1979); C. T. Hih . 8160, o('n Nucl.

. D23

. Wolfenstein, 1

78, 275 (1980).

9 ( );
tional Co
by P. P

and M. D. yW.-Y. Keung,.1-(9.) .v. D 27, 214
60 (1982).Lett. 1168,

in et al. ,SM. Bourqui
9J. L. Cortez, X. Y. a

(1982).

al Conferencei in ro
' so the21stIn ternationa e

1982, dit d b

' F. Cxil-

'
knecht and B. en

.-Y. Keung, Phys.Chau and W.-

dH Sti an
Pham an

and' P. Ginsparg, S.

in . tt 1E '
and B. Holstein,

1415 (198

1 ich,

o hue, E.

in J 0 E Golowicrees with the co '
s in J.

cit-

and
A. Sanda,

Nuc .

Nuc .1

~5J. S. Hagelin,

. Wolfenstein,
ed therein.

sed particula yse
'

rl by L.

1

s been stresse

we cross severa

This has

we came acro

S nda {Ref. ; Man
lished);1984 (unpublis188

8243,


