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On the observability of B -B mixing in the e+e =BBXreaction at Vs =15—3Q GeV
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We evaluate the possibility of measuring B -B mixing in the e+e —+BBXreaction (X meaning
anything) by detecting like-sign dileptons in the final state. We consider the 15—30-GeV c.m. -

energy region in which any type of B-meson pairs can be produced. The influence of a nonspectator
component in the B decay on the observability of mixing effects is investigated. In addition a
method for tagging B's is discussed. Numbers for signal and background have been calculated for
an accumulated luminosity of 1000 pb

I. INTRODUCTION

The possibility of observing mixing in the 8 8 system
has been rather widely discussed. ' " In particular,
theoretical estimates have been made for the case of B B
production in the e+e ~Y(4S)~B B reaction. Mix-
ing in this specific channel is expected to appear as a
small effect and might thus be hardly measurable. Here
we will, therefore, consider the e+e ~BBX reaction (X
meaning anything) well above the BB threshold where any
combination of BB mesons' (B„B„,B„B~,B„B„etc.)

can be produced. This reaction might be advantageous as
mixing is expected to be almost complete for the 8,
mesons. ' In this respect the study of mixing effects in
the e+e —+BBXreaction is complementary to that in the
e+e ~Y(4S)~BdB ~ process

In Sec. II we recall briefly the parameters used to
describe the 88 mixing, and in Sec. III we give estimates
for the mixing effects which could be observed in the
e+e ~BBX reactions as well as in the Y(4S) decays.
We have also evaluated the influence of a nonspectator
component in the B decay on the observability of the mix-
ing phenomenon. Finally, in Sec. IV we give estimates for
the number of signal and background events which could
be observed in an e+e experiment with an accumulated
luminosity of 1000 pb

II. MIXING PARAMETERS

As suggested previously' the mixing can be measured
by either of the following ratios:

N+++N
or R'=

N+—

H'ere N+++N denotes the number of events having
two leptons of the same charge in the final state, arising
from the mixing process and the subsequent semileptonic
decays of B B or B B pairs. The number of events
with two leptons of opposite charge is given by N+
The latter is either due to the semileptonic decays of the 8
and 8 mesons, B~l vX and 8~i+vX, or to a double
mixing process 8 —+8 —+l+vX and 8 —+8 ~l' vX.
Usually the R and R' ratios are given in terms of the Pais
and Treiman parameters '

N(B ~B ~l+vX)
N(B +l vX—)

N(B ~B ~l vX)
N (B —+l+vX)

r+r
1+r+r +rr

2r
(1+r)

r+rR'=
1+rr 1+r2

In Sec. III we will also consider the more experimentally
oriented parameter

N+++N--
m

where N, is here the total number of events containing 8's
in the final state. This ratio is very convenient as it is
straightforward to obtain from it the statistical signifi-
cance with-which a signal can be observed in a given ex-
periment.

It has been shown ' that the above formula giving R
and R ' cannot be used in the case of the
e+e ~Y(4S)~BdB&, BdBd reactions as the relative
orbital momentum L, between the 8's always has the odd
value I, = I. Therefore the irifluence of the Bose-Einstein
statistics has to be taken into account. This leads to a
reduction of the mixing effect' and gives

rR ~R~d ——
1+r and R' —+R~d ——r .

In order to appreciate the importance of the mixing,
one needs to know the values of x and y which may be es-

where, as before, N denotes a number of events. For our
present discussion we will ignore eventual CP-violation ef-
fects; hence r=r. One has then' '

x +yr=r=
2+x —y

with x=6,M/I' and y=hI /1. Here hM (b.l ) is the
mass (width) difference between the physical BH and BL
(H—=heavy, L=—light) state, and I is the total width of
the 8 meson. One obtains'
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eter R,'dd for the e+e ~Y(4S) +—Bd8 d process is
predicted to be rather small. In contrast, the mixing for
8, is expected ' to be nearly complete. Moreover, the re-
action e+e —+BBX at high c.m. energy has the advan-
tage that no suppression due to Bose-Einstein statistics
occurs since many relative orbital momenta should be
present. ' ' In the following we will, therefore, study
the observability of mixing in the 15—30-GeV region
where 8, (8,) can be produced. The results will be com-
pared with the mixing effects which are expected to be ob-
served on the Y(4S) resonance.

FIG. 1. The distributions of R' and R~d as a function of
x =5M/I .

timated within the box diagram approximation. ' The-
numerical results depend on several parameters such as
the mass m, of the top quark, the value of the CP
violating phase 5 in the Kobayashi-Maskawa matrix, and
the product f B~. Here f is the 8-meson decay constant
and 8~ is the so-called bag parameter which usually are
taken in the range off= 150—500 MeV and B~ =0.5—l. 5
(Ref. 18). Despite the uncertainties in the above parame-
ters, it has been shown that for the 8, d case the mixing
depends essentially on the x parameter ' as x »y (or

~

EI'
~

&&bM). Taking y=0 and the formula given
above we present in Fig. 1 the variation of R' and R,'dd as
a function of x. One sees from this plot the suppression
introduced by the constraint due to the Bose-Einstein
statistics. As in the current estimates ' x is small
(x & 0.4), one can see that in this range the mixing param-

III. THE e+e —+BBXPROCESS

This reaction, well above the 88 threshold, should lead
to events having two nearly back-to-back jets due to the
decays of the 8 mesons. These jets will be accompanied
by particles due to the fragmentation of the b quarks be-
lieved to be produced via the elementary process
e+e ~bb. In this c.m. -energy region the decay products
of the two 8 mes ons are well separated and the
e+e ~bb cross section is still sizeable (128 to 32 pb).
The mixing can be estimated - by using the ratio
R~ =(N+++N )/X, . Denoting by P; the probability
to produce a 8; (or a 8;) in the final state, namely,

b~B; b —+8;
P;=

b ~a11 b —+a11

one has

N+++X--
R~ = = 2P„PdB(B„~l)B(Bd~l ) +2' B(Bd~l)B(Bd~l )1+r (1+r)'

+2P, B(B,~l)B(B,~I)
2 +2P,P„B(B„~l)8(B,~l)

(1+r, )2
' 1+r,

+2PdP, B(Bd~l)B(B,~1) +2PdP, B(Bd~l)B(B,~l)(1+r)(1+r, ) (1+r)(1+r, )

neglecting B, production. ' Here r, represents the Pais
and Treiman parameter for the 8, meson, and 8(8;~l)
is the 8; semileptonic branching ratio into an electron or
a muon (l =e,p, ). For simplicity we neglect in the present
discussion the B~rvX decay which is small because of
phase-space suppression. Note that for the
e+e +Y(4S)~BdB d re—action one has

N+++X--
R~ —= =f„[B(Bg~lvX)]1+r '

where f„is the fraction of 8~8 d produced at the Y(4S).
The possibility to pick up an ss pair from the sea is

usually assumed to be around 0. 1—0.2 (Ref. 19), a value
which is supported by a recent evaluation of the data tak-
en at vs =34 GeV by the TASSO collaboration. ' Tak-
ing P, =0.17 and P„=Pd=(1—0.17)/2, we estimate

I

R~ =(%+++X )/K, as a function of the phase 5 us-
ing

m, =45 GeV, f Bb —(0.20 GeV)

I'(b~lvu )/I (b +lvc) =0.01—
(I is here the b~lvq decay width). The r and r, values
for our parameters were obtained from Refs. 9 and 6,
respectively, which incorporate in their analyses the latest
results on the 8-meson lifetime. The 8 meson was as-
sumed to decay according to the spectator model, the
semileptonic branching ratio being 8 (8~lvX)
=2X0.116 as obtained at the Y(4S) (Ref. 22). As a re-
cent analysis of experimental data has shown that 5
should be confined to the 0'—180' range, we have only
considered this interval. For the values of the parameters
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TABLE I. For the phase 5=90 estimates of the mixing parameter R =(N+++N )/N, obtained with various values of aNs,
P;, m„and f Bq. Here aNs is the fraction of the nonspectator contribution to the 8 decay, P; is the probability
P; =(b~B;)/(b~all) and m, is the top-quark mass. In the product f Bh, f represents the B-meson decay constant and Bq the bag
parameter (see text). For o.ws&0 we recalculated the B—and Bd semileptonic branching ratios using as input the experimental
B(B~lvX)=2X0.116 value. In these cases, R was calculated assuming successively that B(B,~lvX) =B(B—~/vX) (next to the
last column) and B(B,~lvX) =B(Bd~lvX) (last column).

p,

0.0

p„=pg

P, =O

0.170

0.333

B(B—+—+1vX)

2x0. 116

2X'0. 116

B(B„tvx)
2XO. 116

2XO. 116

(t-eV)'

(0.20)
(0.15)
(0.20)
(0.20)
(0.15)
(0.20)'

(GeV)

45
45
35
45
45
35

(N+++N ——
)

I (B, )=I (Bg)r(B,') =r(B+-)

=8.9x 10
=7.4x10-'
=7.7X 10
=1.5 x 10-'
=1.3 x 10-'
=1.3X10 '

20.0 0.170

0.333

2XO. 126

2x 0. 126

2X 0. 101

2x0. 101

(0.20)
(0.15)
(0.20)
(0.20)'
(0.15)
(0.20)2

45
45
35
45
45
35

=9.0x10-'
=7.8 x10-'
=8.1x 10
= 1.6 X 10-'
= 1.4x 10-'
=1.5X10 '

=7.0x 10-'
=5.6x10-'
=5.9x 10-'
=1.2x 10
=1.0x10-'
=1.0X 10-'

40.0 0.170

0.333

2x 0. 138

2x0. 138

2X0.083

2X0.083

(0.20)'
(0.15)
(0.20)
(0.20)'
(0.15)
(0.20)'

45
45
35
45
45
35

=9.4x10 '
=8.4X 10
=8.6X 10
= 1.7x 10
= 1.6x 10
=1.6X10 2

=5.0x 10—'
=3.8 x 10-'
=4.0x 10-'
=8.6 x 10-'
=6.7x10-'
=7.1x10-'

chosen above, R (not shown) varies by about 20% when
6 changes from 0' to 180'. As an example we give in
Table I the A value for 6=90 which corresponds to
r=2. 8X10 and r, =0.89. In the same table we also
present the values of R calculated with various P,
(P, =0.17 and the limit P„=Pd P, = —,

'
), f Bs, an——d m,

values. We utilize the fact that y =0 and that x scales ap-
proximately with f Bsm, . One sees from this table
that the mixing parameter is expected to be around 10
(first two rows in Table I). It does not depend very much
on the value chosen for I (b~lvu)/I (b~lvc). An in-
crease by a factor of 3 changes R by only =2%%uo.

Recently an investigation of the available data on B de-
cays and on lifetime measurements lead to the hypothesis
that nonspectator contributions may be important in the
8-decay mechanism. An important difference between
the lifetime of the B~(70) and the 8 +—(r+) was thus
predicted, namely w+ lro= 1.4—1.8. This would corre-
spond to a nonspectator contribution aNs of 29—44% to
the total width of the Bd (Refs. 26 and 27). The increase
of the total Bd (8 d) width will lead to a decrease of the
Bd (Bd)~1vX branching ratio as semileptonic decays
proceed essentially via the spectator mechanism. ' It is
usually assumed that it is the diagram shown in Fig. 2(a)
with Bd~gcu which is responsible for the bulk of the
nonspectator contribution to the Bd decay. For the B,
the process 8, ~gcu [Fig. 2(b)] is Cabibbo-angle-
suppressed while the B, —+gee is expected to be small due
to phase-space considerations. We will, therefore, first as-
sume that the total 8, decay width, I (8, ), will not be af-

(a)

Bd

C C

Ll C

(b)

Bo W

c c

FICr. 2. Nonspectator processes which may contribute to the
B decays (see Ref. 27). Note that among the combinations of
"outgoing" quarks only c quarks have been considered because
of the dominance of the b ~c over b ~u transitions.

fected by the nonspectator contribution [I (8, )= I (8 +—
) ].

Then in order to be conservative we will also consider the
case where both I (8, ) and I (8, ) are increased by the
same amount.
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As examples we will take for aNs the values of 20%
and 40%%uo. One then has to extract from the B(8~ivX)
value [measured on the Y(4S)] the semileptonic 8 ~lvX
and B+—~lvX branching ratios. To this end, we assume
that BdB d and B+B are produced in the
e+e ~Y(4S)~BBreaction in the ratio of

N ( Bd8 g ):N(B+8 ) =40% .'60%

as a consequence of the Bd, 8 mass— difference s 3c

M(Bd ) M(B —+—
) =4 MeV.

Using the above ratio and the assumed o.Ns, one obtains
the B(Bd~lvX) and 8(8—+~lvX) as given in Table I.
Correcting then the Bd (and eventually the 8, ) total width
in order to take into account the nonspectator contribu-
tion, we recalculate the x =6M/I" values for aNs ——20%
and 40%%uo (taking y =El /I =0). We obtain thus the new
values for R~ also given in Table I. As can be seen from
this table the values obtained for R do not depend
dramatically on the chosen values of the parameters and
have the same order of magnitude.

For corn.parison we give in Table II the R values ex-
pected for the e+e ~Y(4S)~BdB~ reaction. One no-
tices that they are an order of magnitude smaller than the
corresponding values obtained from the e+e —+BBX
process. However, the cross section for producing BdB d

0 0

at the Y(4S) is much larger ( = 1 nb, see Ref. 31) than the
e+e ~BBX cross section in the vs =15—30-GeV re-
gion. [Note also, that if 5 reaches a value near 180', R
for the Y(4S) could be increased by a factor of (3.] Not
accounting for any detection efficiency or background
contributions, the product cr(bb)R~ can be used to com-
pare both cases. For aNs ——0.20, Bqf =(0.20 GeV) and
m, =45 GeV one has rr(bb)R~=0. 3 pb for the Y(4S),
whereas in the V s = 15—30-GeV region one obtains
o(bb)R =1.1—0.3 pb (using P, =0.17). In this respect
the two methods are nearly equivalent. On the other
hand, they are complementary, since in one case one mea-
sures the mixing properties of the Bd-B d s stem and in0 0

the second case primarily those of the B,-B, system.
Indeed, in the vs =15—30-GeV region, -84% of the
mixing effect comes from the 8, and 8, production (as
obtained from the formula giving R for the
e+e ~BBXreaction with P, =0.17).

IV. TAGGING AND MIXING

In the following we estimate the signal and background
obtained by measuring the mixing with like-sign dilep-
tons. Apart from mixing, same-sign dileptons can also
arise from the following decays:

8(8)~l+vX

B(B) +D(D)X— where D(D)~1+vX .

This is illustrated by Fig. 3 which presents at the quark
level the various ways of producing leptons. In practice,
one counts only those events having two leptons of the
same charge in opposite hemispheres (the latter being de-
fined with respect to the thrust axis) where both leptons
exceed a certain momentum cut (we will take successively
1.0 GeV/c and 1.5 GeV/c). This momentum cut will lead
to an additional source of background due to asymmetric
vr Dalitz decays where one of the e +—has a momentum
below the chosen threshold or escapes detection.

Note. that if one parametrizes the mixing by R or R in-
stead of R (see Sec. II) additional backgrounds will be
generated. This is because one has to determine also
N+, which is contaminated by

B—+DX, D —+l+vX,.---. --l-- .
and

e+e —+DDX,

(The background due to ~ decays and two-photon interac-
tions can be easily eliminated by a multiplicity and total
energy cut, respectively. )

In order to estimate the number of events for signal and
background we used the Lund Monte Carlo program. ' '

We generated e+e ebb events a—t three different c.m. en-
ergies, v s =15,22, 30 GeV, and at the c.m. energy corre-
sponding to the Y(4S). We also estimated the possible ad-
ditional background induced by the e+e ~qq processes

TABLE II. For the phase 5=90' estimates of R = (TV +++X ) /N, for the
e+e ~Y(4S)~BdB d reaction using f„=0.40 for the fraction of BdB d produced at the Y(4S). Note
that if 5=180', R could be increased by a factor of & 3.

+NS {%)

0.0

8 (8— IvX)

2X0.116

a(ado~lvx)

2 X0. 116

Bbf
(GeV)

(0.20)
(0.15)
{0.20)

(GeV)

45
45
35

(X+++Ã--)

=5.5 X 10-4
=1.8X 10
=2.1X 10—4

20.0 2 X0. 126 2XO. 101 (0.20)
{0.15)
(0.20)

45
45
35

=2.7X 10-'
=8.7 X 10-'
= 1.0X 10-4

40.0 2XO. 138 2 X0.083 (0.20)
(0.15)
(0.20)

45
45
35

=6.7 X 10-'
=2.1 X 10
=2.6X 10
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B =g,+&X
I

B =2 ~X
I I

b b

I l

D =tI, rX
I I

D =R vX

(where q=u, d, s, c) by applying the same cuts as those
used for selecting the B's.

To appreciate the importance of the detector properties
we assumed that the identification of electrons and muons
poses no severe problems, and we take a lepton detection
efficiency of e~,„——90%%uo for lepton momenta p~ & 1.0
GeV/c. In addition we require that the leptons should
have

~

cos81
~

& 0.90 (where 81 is the emission angle of the
lepton with respect to the beam direction). The results are
given in Table III for an accumulated luminosity of 1000
pb ' and R~ =8.9 && 10 (see Table I). The
e+e ~bb~BBX cross sections at 15, 22, and 30 GeV
were taken as 128, 60, and 32 pb, respectively. Also listed
in this table are the signal-to-background ratio as well as
the corresponding significance of the signal. One notices
that the background coming from the e+e ~bb process
[B(B)~lvX and B(B)~D(D)X~lvX, asymmetric ~

FIG. 3. Schematic representation of quark decays which may
lead to lepton production in the case of the e+e ~bb process.

Dalitz decays] are much more important than those in-
duced by e+e ~qq (q=u, d, s, c). For comparison we
give in the same table the results expected from the r(4S),
using o(bb)=1 nb and R =5.5X10 (see Table II).
Clearly in this case we do not require the leptons to be in
opposite hemispheres as the B's are almost emitted at rest.

In the present study the signal-to-background ratio is
the largest at v s =15 GeV. The number of standard de-
viations (s.d. ) quoted in the table might, however, be
somewhat misleading. This is because in the actual exper-
iment one has to evaluate an unknown background which
comprises an important part of the observed event sample.
Unless the background can be measured somehow, one
has to rely on Monte Carlo calculations thus introducing
systematic uncertainties.

Therefore, we would like to discuss here an alternative
method for tagging the e+e ~BBXprocess. In addition
to the cut in the momentum pI we propose to detect in
each jet a kaon of the same charge as the lepton. This is
because in the Cabibbo-angle-allowed b +c~—s (b ~c~s)
quark decay chain, the charged kaon has the same charge
as the lepton if the latter originates from the b decay as
can be seen from Figs. 3 and 4. Note that the diagram in
Fig. 4(b) gives a contribution to the I E production
which is about five times smaller than that of Fig. 4(a) be-
cause of phase-space suppression. We have also present-
ed in Fig. 4(c) a background process due to the decay of a
b quark leading to an I E pair among the B decay par-
ticles.

The BB tagging efficiency is obtained by counting the
number of events having their l+K+ and I E emitted
in opposite hemispheres. We also count the number of

TABLE III. Estimates of the number of events due to mixing and to background using the tagging procedure described in the text.
The numbers were obtained at Ws =15, 22, and 30 GeV for an integrated luminosity of 1000 pb ' and R =8.9&&10 3. For the
Y(4S) we took R =5.5&&10 ". Here N;„represents the number of events due to mixing before applying any tagging method.

& 1.0

15 GeV
N;„=1139events
lepton momentum

(GeV/c)
& 1.5 & 1.0

22 GeV
N;„=534events
lepton momentum

(GeV/c)
& 1.5

30 GeV
N;, '=285 events
lepton momentum

(GeV/c)
& 1.5 & 1.0

. Y(4S)
N;„=550events
lepton momentum

(GeV/c)
&1.5

l —+ /l—+
tagging

background ( bb )

background (cc)
signal/background
No. of standard
deviations (s.d.)

423
529
47
0.7

13

214
120
14
1.6

12

267
710
52
0.4

170
280
14
0.6

161
494
34
0.3

120
261
13
0.4

262
2346
&63)0. 1

99
230
(27

& 0.4

l —E—/l —E—
tagging

background (bb }
background (cc )

signal/background
No. of s.d.

34
&40
&11
&0.7
)4

25
&19
(5) 1.0
)4

27
50
(6

&0.5)3

22
30
&6

&0.6) 3

18
41
&5

& 0.4
)2

16
27
(4)0.5)2

l —K —/l —E — no
E+ (tagging)

background (bb )

background (cc )

signal/background
No. of s.d.

29
&11
(7

& 1.6

22
&11
(5) 1.4
)4

18
(13
(2
) 1.2)3

14
( 11
(2) 1.1) 3

12
(13
(2)0.8
)2

10
&13
(2)0.7
)2
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b =E K X tagging efficiency is decreased somewhat (Table III), but
one obtains almost in all cases a significantly larger signal
to background ratio with a still acceptable statistical sig-
nificance. The +s =1S—22-GeV c.m. -energy range ap-
pears thus to be a promising region in which B B mix-
ing might be experimentally accessible.

V. CONCLUSIONS

(b) K

WK

(c) b =X K X

WK
b c S

FIG. 4. Some b- and b-quark decay processes leading to
I E pairs in the final state.

events having l+K+ (l K ) in one hemisphere and
another l+K+ (l K ) pair in the opposite one. These
events represent part of the expected background to the
mixing signal as no mixing effects have been implemented
in the used Monte Carlo program. In fact, this back-
ground is coming mainly from the processes of the type
shown in Fig. 4(c). We assume that the identification of
kaons can be obtained with a combination of dE/dx,
time-of-flight, and Cerenkov counters. We consider that
0.2(px. &2.4 GeV/c is the K +momentum window —in
which identification can be achieved. Assuming that the
contamination of m (K) in the K (m) sample is —1% be-
tween 0.9 and 1.0 GeV/c (a good n. /K separation is as-
sumed below 0.9 GeV/c with the dE/dx and time-of-
flight devices) and that -4&o of the produced m

—+ can
fake K+ in the 1.0—2.S-GeV/c r—egion (a typical value for
threshold Cerenkov counters) we obtain the results given
in Table III. The signal to background ratio did not im-
prove with respect to the method that required only the
identification of leptons. The efficiency, however, drops
drastically in the l —+X +—/I—+K +—tagging.

In order to decrease the background due to the diagram
of Fig. 4(c) we refined the above tagging method by re-
quiring that in one hemisphere at least one I+—K +— pair
should not be accompanied by an additional K+. The

We studied the possibility of measuring B B mixing
in the e+e —+BBX reaction by detecting like-sign dilep-
tons belonging to opposite jets. We considered the
v s =1S—30-GeV region where any type of B meson can
be produced.

Using current values for the unknown parameters
governing the mixing phenomenon (such as the mass of
the top quark, the bag parameter, and the B meson decay
constant) we investigated the observability of mixing in
e+e experiments with an accumulated luminosity of
1000 pb '. The performed Monte Carlo calculations
have shown that by selecting leptons with momenta
p~ ) 1.0, 1.5 GeV one can expect signal-to-background ra-
tios ranging from'0. 3 to 1.6. We have also carried out a
brief comparison of our predictions with the mixing ef-
fects which could be observed at the Y(4S). The numbers
obtained for the ratio of signal to background appear to be
comparable. On the other hand, both measurements are
complementary since in one case one measures primarily
the mixing of the B, B, and i-n the other case that of the
Bd-B d system.

As the subtraction of a large background from the ob-
served signal may introduce further uncertainties we have
also investigated additional methods for tagging the
e+e ~BBXprocess. They are based on the fact that in
the Cabibbo-angle-allowed b~c +s (b +c—~s) qu—ark de-
cay chain, K+—and l+—have the same charge if the lepton
comes from the B~l+vX decay. T-he proposed tagging
methods lead to a drastic decrease in the detection effi-
ciency but tend to increase the signal-to-background ratio.
In this respect these tagging methods are useful and could
be applied for a further measurement of mixing phenome-
na.

It appears that the observable effects of mixing phe-
nomena at the f(4S) and in the e+e ~BBXreaction are
of comparable size within the discussed framework. The
e+e ~BBXreaction has, however, the additional advan-
tage that all the current theoretical models predict the
mixing of the B, (B,) to be almost complete. This means
that the observable effects will not depend crucially on the
exact values of unknown parameters such as the top quark
mass, the bag parameter, etc. In conclusion the V s =1S-
GeV region appears in this study as the most, promising
one for detecting mixing.
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