VOLUME 59, NUMBER 10 PHYSICAL REVIEW LETTERS 7 SEPTEMBER 1987

Implications of Large Bf-B; Mixing
Dongsheng Du ®’
Institute for Advanced Study, Princeton, New Jersey 08540

and

Zhiyong Zhao®’

Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061
(Received 9 April 1987)

Implications of the large BJ-BJ mixing measured by the ARGUS Collaboration are examined. The
possibly large top-quark mass is estimated. In addition, large CP-nonconservation effects in the two-
body nonleptonic decays of BY-BJ and B?-B_ are recalculated. The results show that we still need =10°
B‘?.S-E,?,S pairs for the testing of these CP-nonconservation effects in the B,?;-Ef,j system.

PACS numbers: 14.40.Jz, 11.30.Er, 12.15.Ff, 12.15.Ji

Recently, the ARGUS Collaboration' reported a new So we finally have
result on BY-BJ mixing,
d7od & z=Am/y=0.72. (5)
r=(NTY+NTT)/NTT=(207+58%£2.7)%, (1) . b
If we use the experimental value 75=1.11x%10 sec,

where Nt N ™7 denote the numbers of the like-sign then the total width is y=5.9%10 ~"* GeV, and
lepton events, and N T~ that of unlike-sign events. Ob- o 1
viously, this value of the mixing is much larger than the Am=zy=T7.02x10 GeV. (6)

previous estimates in the literature based on the standard

: Theoretically, even for large top-quark mass, we still
model. Of course, this does not mean the failure of the

have
standard model, because the previous estimations set the
top-quark mass at less than 40 GeV, and there are also Am=2|M|. (7)
Q ~ a1 H S ¢ %1 . 1 " . .
s(t)me uncertainties about B, fp, and the mixing angles Now we must use the expression® of M, appropriate for
etc.

large m,. Because | M| depends on m,, combining
Egs. (6) and (7) we can extract the possible values of
m.

We define B}f=bc1, B(?=bd, and take the phase con-
vention CP | B)=|BY). So in our case

Within the three-generation standard model, the large
mixing of Eq. (1) implies that the top-quark mass should
be larger than 40 GeV. But how large is it? In order to
answer this question, we first compute the mixing r. Fol-
lowing Sanda and co-workers,? for BJBJ states which

are charge-conjugation eigenstates, we have My=—(GABfgmgM@/12x2) niB U2, (8)
L N +N ™ o =(GABfgmp/8m)iminG+ & mZn, ., 9)
Nt~
where
23/ (2+2z?), for C odd, o) . .
Bz +24H/Q+z%+2*%), for Ceven, M=V, ke =VerVea, (10)

where z=Am/y and we have neglected y2=(Ay/2y)? Ur=Auu+Au = 2Au. an
terms because (A y/Ar_n)2<< 1 holds evezn bf:ttcr7 for larger Aj=B;— 3Cy. (12)
top-quark mass. Notice that if both z~ and y - are small
(i.e., < 1), we get the expression of r that is extensively

) ) TABLE I. Top-quark mass for different values of f5 and B.
used in the literature:

ase (a Case (b Case (c
r={(zz+y1)/(2+zz—yz), for C odd, ) s ¢ (,,l (,31’ (;l,
3(z24p2)/(2—z%+y?), for Ceven. (GeV) B U, (GeV) U, (GeV) U, (GeV)

But in the present case z? is not small; we have to use 0.16 5 477 265 1.68 135 1.36 118
Eq. (2). I 159 130 0559 68 0453 60
Because the ARGUS measurement was taken on the 3 106 100 0.373 54 0.302 47
resonance Y (4S), the BYB state has JPC=1""_ Thus, 020 3 306 200 1.08 101 0.871 89
according to Egs. (1) and (2), we get 1 1.02 98  0.359 52 0.290 46
7 0.68 76  0.239 42 0.194 37

22/(2+:2%) = 20.7%. (4)
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The expressions for B;; and Cj; can be found in Appendix A of Ref. 3. For convenience, we quote them:

I
) J; da(1Q2+ + x;x;))d (xj,x;) = 2x;x; + xp[x;a+x;(1 =) BIn | d (x;,x;) |

+{Q+ $x,x)d(1,1) = 2x;x; + xp [x;a+x;(1 —a) BIn | d(1,1) |

—{Q+ $xix))d(x;, 1) = 2xx; +xp [x;a+x,;(1 —a) Bin | d (x;,1) |

—{Q+ §xix))d(1,x;) = 2x;x;+ xp[x;a+x;(0 —a) BIn | d(1,x,) | ),

1
B=—
T -x)U—x;
1 1
ST T o — o) +x;x; _
Cy (l”xi)(l—xj)x”(4 xlxj)j;) daa(l —a)ln

Thus, U, can be computed numerically for the different
values of m,.

According to Ginsparg, Glashow, and Wise,* the total
decay width of the B meson is

Ig=T(b—c)+Trb—u), (13)
where

r—c)=(Grmi/1927)3.3 |V | %, (14)

Tb— u)=(Grmp/19273)5.3| Vi | 2, 15)

and where we have taken m.=1.4, m,=4.6, and the
numbers 3.3 and 5.3 in Egs. (14) and (15) are due to
phase-space and QCD corrections. If we use the b life-
time 7, =1.11 %10 ~!2 sec, then we deduce

| Vep|2=3.95%10 3, (16)
Using Egs. (14) and (15), we get

Cb— u)/T(b— c)=0.0854s3/| Ve | 2 17)
If we use’
r— u)/rb—c) <4%, (18)

according to Egs. (16) and (17) we have
53<0.043. (19)

If we use the safer limit®

r—u)/rb—c) <8%, (20)
we have
53<0.061. @n
Because
[ Vep | 2= 53 +53 4253505 (22)

the bounds on the values of s,,53 depend on the phase §.
If we assume ss==1, ¢5=0, as done by many authors in
the literature according to the CP-nonconservation data
in the K-K system, then we get the following solution for

d(Xj,X,‘)d(l,])
A Dd (0, x;)

, dx;,x) =x;,(1 —a)+x;a—xpa(l —a).

the Kobayashi-Maskawa parameters:
s1=0.231, 522512, S3E%52, ss=1, cs=0. (23)

Under the assumption of ss==1, ¢s=0, this solution is
not sensitive to the different bounds of Egs. (18) and
(20). Using

mp=5.28 GeV, ni#=0.85,
(24)
B=1L,1, or 3, f5=160o0r 200 MeV,

we can extract the top-quark mass m, from Egs. (6) and
(7). The results are presented in Table I, case (a).
From Table I, case (a), we see that the top-quark mass is
larger than 76 GeV. Of course, we should not take any
individual value of m;, too seriously because of the uncer-
tainties of B, f, and the mixing angles. But one thing is
certain: The large mixing of Eq. (1) implies a large
top-quark mass.

Notice that the values of 5,53,55¢5 in Eq. (23) are
just those extensively used in the literature. They have
large uncertainties. Although ss cannot be too small, ¢s
could be negative. For instance, taking §=143°, then

55=0.6, cs= —0.8. (25)

Under the bounds of Egs. (18), (19), (16), and (22) we
can set

53=0.04, 5,=0.09. (26)

In that case, the estimated values of m, are listed in
Table I, case (b). Similarly, under the bounds of Egs.
(20), (21), (16), and (22) we can set

53=0.06, s,=0.10. 27)

The corresponding m, values are presented in Table I,
case (c). In the latter case, because the upper bound of
'(b— u)/T(b— ¢) is relaxed compared with the former
one, we get a smaller m, =46-60 GeV for the most like-
ly value of B=1. In some marginal case m, might he
even smaller.

The other implication of the large BY-BJ mixing is the
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large CP-nonconservation effects for nonleptonic B, B

decays. But the calculated same-sign dilepton asym-
metry
TN Im(MET L)
a=N++ N~ 2251073 (28)
N*Yt+N [ M|

for m, 270 GeV is very small. Actually, the larger m,
is, the smaller the same-sign dilepton asymmetry. For
the nonleptonic decays, things are different. Larger mix-
ing gives larger CP nonconservation. In fact, following
Ref. 2 and Du, Dunietz, and Wu,” the time-integrated
asymmetry is

_ LB phys— ) T Biphys— f)
T(BY phys — f) +T(BZ phys — f)

Cr

2z (29)
24z x| Y

where f is the decay final state, x =A4(B°—~ f)/A4(B°
— f), and A=Afx/A,. The number of BY-BY pairs
needed for testing this asymmetry is, for three-standard-
deviation signature,

Nys =9/C}B(f+f)e, (30)
where ¢ is the detection efficiency of the final state f, and
B(f+f)=B(Bphys— f)+B(BY phys— f)

2422+ x |2

=B(BY— 1)
=/ 1 +22

31

is the combined branching ratio. All possible two-body
decay channels are recalculated by use of the same
method as Ref. 7. The results are shown in Table II.
Note that the values of | x |2, ImA, and € are taken from
Tables II and III of Ref. 7, respectively. As for the CP-
nonconservation phase &, we use §=45° for b— uud,
aus in order to enhance the corresponding asymmetry.
We take §==90° in all other cases. We must emphasize
that in Table IT we only give those final states into which
both BY and BJ can decay. In this case the amplitude
interference will enhance the asymmetry, and the theo-
retical calculation does not involve the computation of
the decay amplitudes explicitly, and so it is more reli-
able.

From Table II we can see that Vy; have been reduced
by 2 orders of magnitude in comparison with the previ-
ous estimation (see Table IV of Ref. 7). Roughly speak-
ing, we now need =10° BY-BJ pairs for testing CP-
nonconservation effects in two-body nonleptonic decays,
and the favorite channels are

BBy — ntx " K*tn~,D* ", yKs,0Ks,
D™D~ n°Ks,nKs,D " Ks. (32)

We can make a discussion for the B2-B? system parallel
to that for the BY-BY case.

Actually, a larger top-quark mass means a larger mix-
ing parameter z;=(Am/y)p, according to Eqgs. (6) and
(7) where A, =V, V% instead. For example, if we take
B=1, f,=0.11 GeV for the B case, then for m, =76,

TABLE II. Two-body hadronic final states, z, Cy, branching ratios, and N,; for BJ-BJ de-

cays.
Quark Asymmetry
decay Ba phys— f z=Am/y Cy B(B pure— 1) Nus

b— aud atn” <107* >2.0x10°
aus °Ks 0.72 0.474 1.8x10 ¢ 3.4%x107
K*YK ™ <107* >2.0x10°
B nKs 6.1x1077 2.5x108%
b— iicd DYrn~ 1073 4.3x10°
FYK~ —0.059 1073 4.3%107
wD° 0.72 5%10 ¢ 6.1x107
DOr® 5%10 ¢ 8.6x10°
b— cud D rt 2%x107? 1.9x107
F K* 0.72 2%x10 72 1.9x108
wD° —0.012 1072 2.7x10%
D% 1072 3.8x107
b— &cs, FYF~ 1074 3.1%x10°
Zed, Vo 0.72 1073 4.5%107
5 wKs 0.38 5x10 % 1.5%10°
0K 5%1073 3.8x10°
DYD~ 1073 3.1x10°
7°Ks 2.5%107° 3.8x10°
nKs 104 2.4%10°
b— iics DK 0.72 0.564 104 2.5%10°
b— cus DK 0.72 0.22 5%x1074 6.5%10°
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TABLE III. Two-body hadronic final states, z, Cy, branching ratios, and N,z for B2-B? de-

cays.
Quark Asymmetry
decay By, phys— f zs =Am/y Cr B(BLpure— f) Ny;
b— aud atn” 1073 1.0x107
aus 7°Ks 3.54 0.21 5%1073 6.2x10°
K*YK~ 10773 1.0x107
b— acs D*n~ 2x1074 2.1x10°
F*K~ 3.54 0.19 2%x107* 2.1x107
oD° 2x1074 4.2x10¢
DOx° 104 4.1%10°
b— cus D~ nt 1073 2.1x10°
F K* 3.54 0.19 1073 2.1%107
¢D° 1073 4.2x10°
D°x° 5%x1074 4.2x108
b— &cs, vo 3x1073 1.5%10%
ced, vKs 3.54 —0.012 2.7%107° 2.5%x101'°
DtD™ 5%10 73 6.3x108
FYF~ 2%x10 72 1.6x10'°
b— iicd DK 3.54 0.012 5.7x107¢ 1.9% 108
b— cud DK 3.54 —0.0102 102 2.6x108
b—d oKs 3.54 —0.226 2.1x107¢ 2.5%108

100, and 200 GeV, we obtain z; =3.54, 5.51, and 15.91,
respectively. This large mixing parameter will affect
dramatically the CP-nonconservation effects of B2-BY
nonleptonic decays. To illustrate that, we did the similar
recalculation for the two-body hadronic decays only for
m; =76 GeV, B=1, fg =0.11 GeV. The result is shown
in Table III. We see from Table III that the number of
BO-B? pairs needed for testing CP nonconservation has
been reduced by 1 order of magnitude. Roughly we need
=10° BSO-ESO pairs. The favorite channels are

D%, DV~ ,D%%%D%,D " x*,D° (33)

Notice that most of the branching ratios in Tables II
and III are estimated by use of Kobayashi-Maskawa
matrix elements and so they have large uncertainties.
With consideration of the uncertainty of our calculation
method, the numbers N,z in these tables might differ by
an order of magnitude.

In conclusion, the recent result of a large BJ-Bf mix-
ing implies a much larger top-quark mass and larger
CP-nonconservation effects in B‘?_S-EL?‘S nonleptonic de-
cays. But for testing these effects we still need =10°
BO9-B® pairs. Although this number is large, it is not
inaccessible in the near future.
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