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Abstract. Significant mixing is expected between the
neutral bottom mesons B°—B? in the standard
model of weak interactions. We propose measure-
ete”| bb o
ments of the processes { 5 }—» —[*K K™ X
+c.c. as a measure of such mixing. Rates are pre-
sented for energetic bottom quark jets, produced in
et e annihilation.

1. Introduction

A non-trivial test of the standard model of elec-
troweak interactions lies in measuring the strength
of the flavour changing |4AF|=2, A0 =0 transitions
among the neutral meson systems K°—K° D°-D°,
B°—B° and B°—B? Experimentally, such transi-
tions have so far been observed in the K°— K° sector
only, though there exists some preliminary evidence
from the CERN pp data that such mixings may also
be present among the neutral bottom mesons [1].
The presence of the |AB|=2, AQ=0 transition
involving the neutral bottom mesons has a number
of interesting phenomenological consequences, two
of which have received experimental attention. The
first concerns the production of energetic same-sign
dileptons in the processes et e —bb—I* T X [2, 3]
and pp—bb—I1*1*X [1]. The second method in-
volves the measurement of the electroweak charge
asymmetry in the process eTe” —bb—ITX [4],
since the |4B|=2 interactions lead to the “wrong-
sign” lepton and hence tend to decrease the elec-
troweak asymmetry. However, none of these
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measurements by themselves would distinguish be-
tween the mixings in the B —BY and B? —B? me-
somns, since either of the two transitions would lead
to the [*[* X final states and the reduction in the
rate for charge asymmetry in e e™ —bb.

In the standard model one expects significant B?
— B mixing and negligible B — B9 mixing [5]. In a
number of non-standard scenarios, however, there
exist additional effective interactions which may en-
hance the B,— B, mixing amplitude. For example, in
the supersymmetric extension of the standard model
additional mechanisms which enhance the B,—B,
mixings have been recently emphasized [6]. It is
therefore imperative to be able to distinguish experi-
mentally between the B,—B, and B,— B, mixings. In
principle, some of these tests have already been pro-
posed [7] which consist of measuring the final states
[T17A° 1717 A° and II*F~ in the fragmentation
products of bottom quark jets initiated by the hard
collisions (e* e~, pp)—bb X. Another test, which sug-
gests itself naturally lies in scanning the region at
and above the 4S resonance in the final state
ete”—I*[* X. In practice, the former tests would
require a very high bottom hadron statistics, which
may or may not be available in the near future.
Theoretical interpretation of the signal in
eTe”—I*[* X in the region Y(nS), n>4, is a poten-
tial-model dependent enterprise, since the branching
ratios for Y(nS)-B,B,, B,B*, B,B, etc. are needed,
which can at best be modelled. In any case there is
no signal yet from the CESR/DORIS data of either
B,—B, or B,—B_ mixings. Model dependent calcu-
lations [8] estimate that a signal is expected at
Y'(55) but would require an integrated luminosity of
1,000 pb~*. There is no evidence of B—B mixing
from the PETRA/PEP data either [3, 4], nor it is
expected with the present luminosity [9].
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The aim of this paper is to devise a new test of B
— B mixing which i) is experimentally measurable, ii)
is less dependent on the production cross-section
c(B°X) and the semileptonic branching ratio
BR(B®—[* X) of the B? meson and iii) could dis-
tinguish between mixings in the B —BS and B® —B?
mesons.

2. Proposal

We propose measurements of the final states
[*KTKTX in the bottom quark jets produced, for
example, in the processes

el pp 1
{ op }_) L [TK~-K- X+cc M)
as a measure of weak mass mixing in the B,—B?
mesons. The test implicitly assumes that the decay
product of b and b do not contaminate each other,
in other words that the b and b hadrons are well
separated spatially; a criterion well satisfied by jets
at PEP and PETRA and in pp collisions.

The main idea behind the “decay” of an excited
b-quark, b—I*K~K~ X, as a measure of B,—B,
mixing is rather simple. The decay of a b-quark
produced in a hard collision follows a certain frag-
mentation weak decay chain, the general features of
which are now well known experimentally [10].
Thus, concentrating on the semileptonic decays of
the bottom hadrons and the final states containing
charged kaons, K=, one schematically has

SN

t l—HK“LX,...
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that all experimental measurements of particle pro-
duction in jets give a suppression in the production
of s§ pair from the vacuum [11]. In fact the world
data is in agreement with the probability, f(s$)=0.1
—0.15 in quark jets. Hence it makes sense to use
f(s3) as an order parameter. To leading order in
f(s5) one would have the fragmentation
b—(B%,B;)K*X and h—B?K~ X. Thus, in the ap-
proximation of keeping sin?9,=0 and leading K*
mesons from the associated jet accompanying the
bottom hadron, the “decay” of the bottom quark
jets

(bor H)—ITK*K*X 4)

is forbidden! The situation is quite different in the
presence of BY —B? mixing. In that case, to leading
order in f(s3) one would have b>B K~ X, B’ K~ X
in the ratio (1 —y,) and y, where y; is the probability
of the transition B°—B?. This would lead to the
decays

b—®»35 + s
| L Lk-x, ..
- e )
(bs)—»>F~ 1Ty, ..

K*X, ..

giving rise to the final states b—I* K~ K~ X and
b—1"K*K* X which are both Cabibbo allowed and
favoured by the fragmentation process s—» K~ X. It is
easy to see that in the same approximation BS—BY
mixing would lead to the final states (b or
b)—I*K*K* X. Thus, in the limit stated above
observation of (b or b)»I*KTK* X in a bottom
quark jet would signal B? — B? mixings.

To quantify our proposal, we define the follow-
ing ratio

e g e ey D ITKTKTX
R(ITK~K~/ITK™K )_b—>l”K‘K‘X' (6)
Then, quite generally for collisions leading to hb
production one can express the ratio R as

Zo(Bq) {BR(B,~»I"K™X) f(g—K~ X)+BR(B,~I"X) f(g—K~ K~ X)}

(7)

RITK K- /ITK-K~)=2

q

where only the Cabibbo-allowed decays of the D°,
D* and F* mesons are shown. Since D°, D* K+ X
decays are Cabibbo forbidden but F*—>K*X are
Cabibbo allowed, a good two-particle inclusive final
state to enhance the B°(BP) signal should be in the
decays B—I"K*X, B—I" K~ X. Next, we remark

Y o(B){BR(B,—~I" K~ X) f(¢g—K~ X)+BR(B,~I~ X) f(¢g—K K~ X)}

with ¢(Bgq) being the inclusive production cross-sec-
tion for B,; the sum Y. is over all species of the

bottom hadrons Bg ancql f(g—K™* X) etc. represents
the probability of a quark giving a K*. In principle,
one could additionally have the decays
B,— ITK-K™ X, due to, for example,
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B—I"F~X; K-K*K~, but being suppressed by
L
phase- space and sin?9,, they must have negligible
branching ratios (£ 1073).
Now, in the limit sin>3,=0 and leading order in

f(s3) (keeping only the valence K* hadron from the
fragmentation process g—K* X), we have

RUTK-K~/I" K~ K")
7(BY)BR(B*—>1* K~ X) f(s—K~ X)
~o(B)BRB I K X) 5K X) ®)
 BR(B>IFK™X)  y, BR(F->K-X)
BR(B°>I"K X) 1-y BRF' K X)

©)

where y,=I'(B?—I"v,X)/[(B°~1*v,X) is the mea-
sure of B®—B? mixing. Thus, in the limit that (8)
holds, the quantity R(ITK- K~/ K~ K7) is inde-
pendent of the BP-production cross-section ¢(BCX),
the probability f(s—K~ X) and the semileptonic
branching ratio for the B® meson. It depends, how-
ever, on the inclusive branching ratio of the FZ
mesons, namely F~—>K*X. The quantity
BR(F-->K~ X)/BR(F*—>K~ X) in (9) is expected to
be around 1 in the quark-parton model description
of the F* decays, and hopefully should be available
soon experimentally.

In the real world, Cabibbo suppressed transitions
in the charmed hadron decays D° D*—>K* X and
the suppressed fragmentation processes u,d—-K~ X
and s—»K*X would contribute to the final state
b—-I~ K*K* X, thus giving non-zero contribution to
the ratio R(I"K*K*/I" K~ K~). In fact, as the vir-
tuality of the b-quark jet increases, there would be
an increase in the K* multiplicity in the jet, and the
background to b—IT K~ K~ X would become rather
formidable. This is certainly not the case at PETRA
and PEP.

In the rest of this paper, we present a calculation
to estimate the signal and background for the final
state b—I" K~ K~ X for realistic experimental con-
ditions in e*e” annihilation at PETRA/PEP and
LEP/SLC energies.

3. Rate Estimates

It is obvious from (7) that we need three quantities
to estimate R(I*K~-K~/I"K~K~7) i) the bottom
hadron cross-section ¢(B, X), ii) the semileptonic
branching ratios of the bottom hadrons
BR(B,~!*K*X) and iii) the fragmentation prob-
abilities f(g—>K*X). We use the QCD improved
quark-parton model to estimate o(e* e~ —bb) and
adapt the fragmentation model for the quark jets,
originally due to Field and Feynman [12] and ad-
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Justed to describe the general profile of heavy quark
Jets measured in et e~ experiments at PETRA and
PEP. The most important feature of this modifica-
tion for our purpose is in the longitudinal momen-
tum distribution of the “ottom hadrons, which have
distinctly harder mome1 a as compared to the lead-
ing particles in the light quark or gluon jets [10, 11].
We use the parametrization of Petersen etal. [13]
for the bottom hadron

Zy(1—Z,)
f(Zp)= £ ©)
? [Z5(1-Zp)—(1-Zp) ez Z,)
E;, 2E
where Z,=—2=""2 and ¢,=0.02, compatible with

E, ]/g
the measurements in e*e~ experiments. The mo-
mentum distribution of the K mesons in the process

ete” —bb
L g +q (10)
I——)KiX

is then oconsiderably soft, as can be seen in
Figs. 1a, b, where we have plotted the fragmentation

functions D(Z=2E.f)/s) for g—K*X, gq=u,d,s
1
[D(Z)dz=f(g—K*X).

0
Figure 1a shows the D(Z) distributions for a typical

PETRA energy 1/§ =43 GeV and should be repre-
sentative of the high energy data from PETRA and

PEP collected at 1/§ =29 —46 GeV. Figure 1 b shows

the same distributions at ]/_ =m,~93 GeV, relevant
for the LEP and SLC experiments. Since the general
features of the quark jets observed at PETRA and
PEP are remarkably well described by the fragmen-
tation models [14] of the type we are discussing, we
expect that the distribution functions D(Z) shown in
Figs. 1a, b should be rather close to the experimental
distributions, though we are aware that an analysis
of the bottom quark jets as depicted in Figs. la, b
has not yet been undertaken.

The flavour distributions D(Z) shown in
Figs. 1a, b are quite instructive. They give a concrete
meaning to the concept of allowed (valence) and
suppressed (sea) q—K* X fragmentation transitions.
For example, for an s-quark accompanying a B?
Ds—>K‘ X(Z)
DsﬁK*X(z)
has the value: D*"X/X*(Z)>8 for Z>0.1 and this
ratio becomes >20 for Z>0.3. Thus, the ability to
detect energetic K* mesons is at a premium! This is
all that one needs to show that
o(B?K* X)/6(B®K™~ X) <1 for realistic fragmentation
functions in the absence of B, — B? mixing,

with the normalization

meson in a jet, the ratio D*"¥ /K" (Z)=



638

L

3,
T

s}

T T T 7177

V8 =43GeV

e*e—»-bb

L 85.87 B2 K]

L1ty

T T

™
@

T 7T

T
[ W )

VS =93 GeV

B.L
==

LR
==
Lk

.}\\ e*eTmbb
! o
i L (83,87 821K "X

\ .

o ,

Z

3
s
-
2

il

T
-
I

T

'~
o

T |\T“||
s
//

c
!
x

O Nod—K
X

(u,d)_m:}\__\. N

s —K —A\\ .

/
A
| B \l\ll

1

| | | | | |
61 02 03 04 05 08 07 08

Z= 2EK/‘/g
Fig. 1. a Fragmentation functions D(Z) for g—K* X produced in
association with a bottom meson in the process et e”—bb at 1/;
=43 GeV, with f(s5)=0.15. b Same as a but at /s =m,~93 GeV

10

Our next task is to calculate the inclusive bottom
hadron cross-section ¢(B,X) in continuum ete”
and pp collisions. We argue that it is very plausible
to assume that given the inclusive bottom quark
cross-section, a(bX), the inclusive cross-section for
producing a bottom hadron o(B,X) is determined
essentially by the probability of producing a quark-
antiquark or diquark pair from the vacuum
f(qd), f(qq). These probabilities have been well
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measured in the light-quark fragmentation processes
[11]. We argue that the functions f(q9), f(qq) are
approximately independent of the flavour of the de-
caying quark. This assumption is implicit in most
fragmentation models in vogue [14] and appears
rather plausible. However, it has not yet been di-
rectly tested. We remark that measurements of the
cross-section ratio o(F* X)/o(D% * X) would be very
welcome to determine f(s3) for the charm quark
jets. With this assumption we have

o(B,X)=0(bX)f(qq)
a(43X)=0(bX) f(q9)

where ¢(bX) is obtained from perturbative QCD.
For example,

glete —»bX) 1 (1+OCS(Q2)>‘

(11)

olete >utuT) 3

i

It is well known that exact 9(«?) contributions [15],
as well as all order contributions in leading log [16]
to o(et e —>bX) are entirely negligible upto and in-
cluding LEP energies. This means that the multiplic-
ity of the bottom hadron in a jet is at most 1 [16].
In Fig.2a we show the differential cross-section

——(eTe”—>BKX) for the final states

e*e—B,K*X, B'K*X and B’K*X for }/s
=43 GeV, assuming f(s§)=0.15. Similar cross-sec-
tions are shown for ]/Esz=93 GeV in Fig. 2b.
The hierarchy in the cross-sections is very striking,
with ¢(B’K~ X)~0(B; K* X) being the largest and
a(B?K* X) the smallest cross-section. For the partic-
ular  choice of  f(s5), we note that
¢(B°K~ X)/c(B’K* X)~5 for Z=2E,})/s 20.1 and
this ratio becomes 210 for Z=0.2. In the presence
of B®—B°® mixing, no change is really expected in
the cross-sections for e*e”—»B,K*X, ByK*X but
the cross-sections ¢(B K~ X) and o(B?K ™ X) are ex-
pected to change. They would tend to each other
and become identical for complete B?—B? mixing,
in which case

d d
d%( +e‘—+BSK‘X)=d—;—(e+e‘——>BS°K+X)

for all values of Z. This is an effect hard to miss for
detectors having a good B? and K* identification!
How does one tag on the B, meson in a botiom
quark jet produced for example at PETRA/PEP and
LEP/SLC energies? There might be more favourable
decay modes discovered in the course of time, but as
of now we recall from the discussion above that the
decays B—I~K*X are expected to provide a BP-
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Fig. 2. a The differential cross-section

enriched sample. To that end we need the branching
ratios for the decays B, »I~ K*X, B{—I"K*X and
B%—1~ K* X, none of which are presently available.
We make the assumption based on the quark-parton
model that the semileptonic branching ratios for all
three bottom mesons are close to each other,

BR(B; -1~ X)~BR(B—I~ X)~BR(B°~I~ X). (12)

Then, since the transition b—c¢ completely dominates
over the transition b—u, [17] and the two-body
leptonic decays of the bottom mesons are also negli-
gible, the X in (12) essentially consists of (D°, D™)
+... and F*+... for the (B;,BY) and B? semi-
leptonic decays, respectively [18]. We, therefore
need to know the inclusive branching ratios for
D°->K*X,D*>K*X and F*>K*X.

The experimental situation about D° and DT
decays is quite satisfactory [17], with about 80 %, of
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Table 1. Inclusive branching ratios for the charmed meson decays
used in the calculations

Modes Branching Ratios (%)

D°-K-X 550
D’ -K*X 9.5
D*=K~X 300
D*->K*X 6.5

case (i) case (ii)
F*->K-X 200 30.0
Ff-K*X 300 450

the exclusive D° decays and 85 9% of the D* decays
now well measured. Only one of the measured ex-
clusive D° decays namely D°—»K~ K* involves a K+
with a branching ratio BR(D°-K~K*)=(0.6
+0.09) 9. There are several exclusive modes known
for the Dt decays involving K*. Summing over all
of them, one gets BR(Dt—-K*X)=(2.8+0.5)%.
Thus, it seems that the Cabibbo suppression is really
working very efficiently in the inclusive D° D* de-
cays. The experimental situation about F* decays is
rather unsatisfactory. However, since the dominant
decays of the F* would involve the decays
F*—>(s5)lTv, (s5)(ud), and s§ would give
n, 1, @, KK, we expect substantial branching ratios
for the decays F* > K* X and F*—>K~ X. Certainly
in this case, no Cabibbo suppression is operative for
F*—K*X. In Table 1 we list the inclusive branch-
ing ratios for the D°, D' and F* decays that we
have used in our calculations. The two set of values
for the F* decays bracket the expectations in a
number of models [19] and probably represent a
fair indication of the uncertainty in the F~ decays.
We have used the Cabibbo suppressed D°—K™* X,
D*—-K*X inclusive rates from the 1984 Particle
Data Table (PDT) [20] and have incorporated all
the known and updated exclusive decays of D° and
D* [17]. In our opinion the inclusive branching
ratios for D®* - K* X are rather high in PDT and
so our background estimates are somewhat exag-
gerated. Before we leave the discussion of the F*
and D° decays, we note that since the decays
D*,D°-nX,n' X are very much suppressed but the
decays F*—»nX have been measured, another poten-
tially interesting final state to detect B? —B? mixing
would be in the final states b—»ITK¥ y X, [*K¥y'X.

4. Results

We now discuss the results for tlle final states most
sensitive to the issue of B?—B? mixing, namely

et e —bbolTIEX, IFIT X
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Table 2. Estimated rates based on 10°bb events for the production of final states e* e~ —bb—I1X, IXX (I=e+y) at ]/;=43 GeV with

cuts (i) described in the text

IFK*K*X

%, FIEX - X EIEXAT X IFTKFK*X IFK*K-X A(KK)
0.0 845 4065 021 590 1275 6010 0.37
0.20 1100 3800 0.29 685 1220 5970 0.28
030 1200 3710 0.32 750 1180 5945 0.22
0.40 1270 3640 0.35 300 1140 5935 0.17
0.50 1370 3540 038 845 1110 5920 0.14

Table 3. Estimated rate based on 10°bb events for the production of final states et e™ -bb—I1IX, IXX (I=e+p) at 1/=mZ=93 GeV
with cuts (ii) described in the text

1 EIEX X FIEXTIX IFKEREX IFKTKTX IFK*K-X A(KK)

0.0 35 735 0.045 420 1000 3640 0.41

0.20 55 715 0.075 475 965 3620 0.34

0.30 90 680 0.130 535 935 3600 0.28

0.40 105 665 0.160 540 925 3595 0.25

0.50 115 655 0.175 570 900 3590 0.23

and note that the dilepton ratio [*I*X/I*1~X rises

ete  —»bb=I*KFKTX,I*K*K*X,[* K K*X.

To remove the background from the processes
et e~ —cc—I1* X and the cascade decays
-

¢ ¢ _)b'b——>5—>l_X

leading also to the final states e*e™—ITI* X, etc,
without any B — B mixings, we have out a cut-off on
the transverse momentum of the leptons measured
with respect to the jet-axis. Similarly, since the sig-
nal/background ratio is expected to improve with
the increase in the momentum of the K*, we have
put a lower cut-off on the momentum of the K=.
However, in view of the limited range available in

dE . o
most ix devices, one cannot arbitrarily increase the

cut-off on E,. We have chosen the cut-offs (i)
ph>10GeV, p>0.5GeV at 1/s=43GeV and (i)

pr>15GeV, p,>0.5GeV at /s =93 GeV.
In Table2 we present our results for the final

states et e " —[1X,IKKX for ]/;=43 GeV with all
possible charge combinations for [T and K=*. The

corresponding results for ][ =93 GeV +cuts (ii) are
presented in Table 3. The choice of 10°bb events in
e e~ continuum represents a reasonable sample for
the kind of effects we are discussing, though for
maximum mixing y,=0.5, one may already be able
to see a definite trend with 10*b b events also.
Concentrating on the results of Table 2, which
are representative for the PETRA/PEP energy, we

from 0.21 to 0.38 for y,=0 to y,=0.5. The ratio

s("K-K~)—o(I"K*K*)

A(IKK):U(I‘K‘K‘)—HT(I‘K+K+)

decreases from 0.37 to 0.14 in the same interval.
With the cut-offs (i), the rates for y* K¥K* X are
higher as compared to u*u*X events. At /s
=93 GeV, relevant for LEP/SLC energies and the
cut-off (ii) the dilepton ratio IT[*X/ITI™ X rises
from 0.045(x,=0) to 0.175(x,=1). In contrast, the
ratio A(IK K) decreases from 0.41 to 0.23. The rates
for the u* K¥KTX states are now substantially
higher than those for the u* u* X states. The de-
crease in the ratio A(/KK) as a function of y, is a
special case of the results shown in Figs. 2a, b, where
it was shown that the cross-section BK*X and
B2K~ X tend to each other with increasing y,. As is
obvious, for equal number of bb events, the change
in A(lKK) due to B—B mixing is more marked at
lower energies than at higher energies, since the K*
multiplicity in the bottom quark jet is lower at low-
er 1/s, resulting in smaller background.

The actual contribution to 4(IKK) from the B?
— B? mixing, namely

A(IKK, 3 )—A(IKK, x,=0)
A(IKK, x,=0) ’

is independent of f(s3). In contrast, the dilepton
ratio [*[* X/I* 17 X depends on f(s3), since the nu-
merator receives contribution only when a BY is
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the indicated cuts at

present. The actual measurement of A(IKK) i.c. sig-
nal background) however, would depend on f(s5) as
shown in Fig. 3, where we have shown A(IKK) as a
function of y; for ][=43 and 93 GeV.

In Fig. 4, we show how to determine f(s3) in
bottom quark jets, where we plot the branching
ratio for the inclusive final states

O.(e+e—_)(liK+K~+li-KiKi +liK’?K¢)X

involving I* and K¥, as a function of f(s3) for the
range 0.1 < f(s5) <0.2. As expected, the cross-section
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Fig. 5. The dependence of the quantity 4(IKK) on the assumed
branching ratios for the inclusive decays F*—K* X (sets (i) and

(11) from Table 1 at 1/;=43 GeV, f(s5)=0.15 and indicated cuts

glete”—=IKKX) depends linearly on f(s5) and a
measurement of this quantity should already be pos-
sible with the existing data at PETRA/PEP energies.
This would then provide an independent measure-
ment of f(s3) for bottom jets in the same experiment
where effects of BY —B? mixing are being looked at
and would fix f(s5) for both the A(!KK) and
[*1%/I" I~ measurements.

Finally, in Fig. 5 we show the dependence of
A(KK) on the assumed branching ratios for the
inclusive decays F*—K*X. This serves as a fair
indication of the attendant uncertainty. However,
this uncertainty is not due to some artifact of our
model but due to lack of experimental data on F*
decays and we hope would be soon removed.

5. Conclusions

In conclusion, we have discussed a new measure,
A(IKK), of B?—B? mixing, which we hope is useful
for experiments studying bottom hadron production
in the continuum e* e~ and fp collisions. The mea-
sure is meaningful only for those experiments having
good [* and K* detection ability. It goes beyond
the standard technique of measuring mixings namely
through the ratio I*1=/IT1~ in (e* e, pp)—>bb—1IX
and the reduction in the electroweak charge asym-
metry in the process e* e~ —bb—I[* X, in so far as it
is sensitive only to the B? —B? mixing. It depends on
the semileptonic branching ratio BR(B?—!~ X) and
the production cross-section o(B?X) like its other
two aforementioned counterparts. We propose a
method to determine f(s3) in the bottom quark jets;
very probably this will determine ¢(BP° X). However,
we do expect the dependence of A(IKK) on both
o(B?X) and BR(B’—~I~ X) to be mild, since in the
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limiting case of sin?9 =0 and keeping leading K*
mesons this dependence drops out.

Though we have discussed in detail only the
production of bottom quark jets in e*e” annihi-
lation, but the calculations, in principle, are also
applicable for pp collisions, or for bottom jets pro-
duced in some other hard collision, like for example
in the process ep—~bx at HERA. The calculations of
the background from the so-called minimum bias
events will have to be performed. Detailed studies of
the jet profile at the CERN jp collider suggest that
additional cuts on the transverse energy and
pseudorapidity of the kaons will drastically reduce
the contamination of the jet fragments due to the
beam fragments.

We hope that the lepton-kaon correlations, sug-
gested in this paper will bring us closer to an under-
standing of the heavy quark jet flavour profile.
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