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ABSTRACT
We summarize the evidencé for the properties of a fifth quark,
denoted as b, which is a constituent of T(9.4 GeV/cz). We show
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I; introductionv

There is indirect buﬁ highly sugéestive evidenée for a
fifth quark b, with mass m = 5 GeV/c2 and_chérge  eb = -1/3:
which is not inert with :especfito weak interactions. Thé relative
rates for thé expected charged—current‘transitions b > c' éndi'b > u
are of evident interest. ' Charmed particles, in contrast to partiéles_
composed iny of light quarks (u, d,'é), are copious sources of
prompt leptons.. The observation of leptons as decay producfs of
(vb) pairs above the new—fiavor threshdld therefore provides
information on the relative b + ¢ and b +u transition rates.

In this paper we present a systematic teéhnique fof the analysis of

leptonic final states, and call attention to constraints which may

~be useful in eliminating backgrounds. We discuss potential

ambiguities and limitations of the method and comment on complementary
approaches'to the problem. “ |

We review thé evidehce for the fifth quark and discuss its
propefties in Section II. The énalysis of final states_containing
0,1, 2, 3 and 4 1eptons.from (bb) decay is preéented'ih Section
III. The observables defined there are related in Section IV to
items of theoretical interest. In Section V we treat the éffects
of backgrounds, neutral partiéle mixing, and CP violation. Sectian

VI is devoted to a summary and conclusions.
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. II._'Eﬁidence for the b-quark

Thé vector meson - T9.4 GeV/cz) was first observed1 as a

+ . Y
¥ U . resonance in the reaction

p+ N » (W) + anything. (2.1)

_ _ S '
It was seen to have .at least one&heavier companion state,2 T (10.0),

just as the lP/J(3.095)3 has a radial excitation w'(3.684).4' The

' interpretation of the psion family as bound states of a charmed quark -

5,6

and antiquark (cc) has been notably successful. It was therefore

natural that the T family be interpreted as bound states of a

7’8, The constituent of the

new heavy quark and antiquark (QQ).
b'upsilons.woula be the fifth quark,vfollowing'the already established
u, d, s, and ¢, and would have a mass of approximately mT/2. |

On the basis of various models for the T and T production

. 7
cross sections, a number of authors expressed . a preference for

= -1/3 as theAcharge of the new quark. This assignment is

o) .
9,10

supported by recent measurements in e+ef annihilations of the

leptonic width of T, which yielded
I(T+e'e”) = (1.3%0.4)keV, (2.2)

‘a value much more compatible with e, = -1/3 than with

Q
lte > 2/3'7,8,11,12 '

In the conventional nomenclature, which we shall adopt, a
charge -1/3 quark with mass near 5 GeV/c2 is called13 b. This
designation implies nothing about the weak interactions of the new

" quark, nor does it require the existence of another new quark of



e

charge +2/3. We shall refer to £he new addiﬁ{re quantum numbef
carried by the b-quark as & . rThus @B(v) = +1, (D) = -1,
é?(u,d,s,c) = 0, Alfhough'we considér itvhighly likely that.a-sikth
quarkvdoes exist, ouf‘analysis wiil be independent of this possi;
bility and a fdrtiofi independent Of'the_sixth quark's charge'and
weak @ouplings. | |

The production of (48 = +1, @& = -1) hadron pairs in f
hadron‘collisions is ekpected to occur ai_a levei 1o 1eés than the

14

! . ' .
cross section for T or T production. In two searches carried

out at Fermilabl5’16-at a sensitivity of 1/10 the T cross section,
no charged stable particles of mass ’\:_5_--GeV/c2 were detected in
400 GeV/c pN collisions. If the expectations for.pair production
are correct, these experiments imply thét the b-quark is unstable,

with a lifetimer’

LA ><‘10_8 sec. o (2.3) .

We shall assume that b—quark decays are mediated by the

charged weak current..:l8

b > u+W, (2.42)
b > c+W. - , - (2.4b)

It is unlikely that any additional charge +2/3 quarks exist with
masses less than mb,. because the vector (QR) states should have
been prominent in the data of Refs. 1 and 2. A question of immediate

importance is the relative rate of the transitions (2.4).
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Let us noté that if the b—Quark were coupled with full

Strehgth to the u-quark, the rate for b =+ u transitions would belg’go

. ,_ 5 , '
T(b+u+W) = | Fu<%‘> [1 +1+ f(m/m)+ 3+ Sf(mc/n}b)] o

H
(2.5)
whefe f is a kinematic factor giveﬁ by
f(x) = (1 S N1 - 8+ x%) - 12dtmx®, (2.6)
and .
- G2m5u/1'927r3 = 4.55 X 10° sec Y. (2.7)

. The terms in sQuare brackets in Eq. (2;5) correspond to the decays
b > u(eve)
v

u(y u)

u(TvT) | |

u(du) + u(su) ’ _ (2.8)
_ . _ 3 colors,

u(de) + u(sec)
where all masses except m. and m, have been neglected. We

dismiss for the moment the possibility of appreciable nonleptonic

enhancement, which might increase the last two rates.21’22 For
o =5 GeV/cZ, mf = 1.78 GeV'/cz,23 and mc/mb = %- to %3 we have
= =y & -15
Ty = B/T(bru+ W) = 1.3x 1077 sec. (2.9)

. Since the coupling of b to (u + c) is unlikely to exceed full
strength (ahd is ‘considerably smaller in specific models), it
is reasonable to regard (2.9) as a roﬁgh lower bound on the b-

quark lifetime, so that 

o'y gt



10 see. < T X 50X 10—8 sec. (2.16)

In the six-quark generalization of the Weinberg-Salam

24

model due to deaygski and Maskawa”", which has been extensively

19,25

analyzed in the present contéxt, the couplings of b to

u and c¢ are highly suppressed. Universalify of the B¥decéy coup-

ling constant requires

2

2
&y_p

gV—A( (d >+ “V;)t

| (2.11)

bru+W) £ 3Xx 1072

Universality is not stringently tested in charmed quark decays.
A far weaker 1imit is imposed by the requirement that & »c + W
" transitions be strong enough to suppress the KL - KS mass

difference:

2 {1 a < 2_ 2 -
guplb e+ W) & zg; , (A u+W). (2.12)

‘In this model, the b-quark decay rate is therefore restricted to

5 |
20 (Mo | L
Iy & 3‘%(}5;) [f(mc/%“f(mc/mb) *
| $(mm sm ) + 3f(m/fn ) + Bdn%,mc;mb)] o _(2.13)

where ¢(Hi’m2;M) is' a kinematic factor for .the decay M - m1.+ m,

+zeromass particle.  For the equal-mass case, ¢(m,m;M) = g(4m2/M2),

where

ely) = (1-79/2 - y3/8 - 336 )1 - y)F

+ 37%(1 - ¥2/16)10g <L‘”—7—-—~ y”) -' (2.14)

RSN W R S SO SR A M KIS LA

Y e e T T,
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This suggests that‘.T 14

b % 10" s. The upper limits given by
(2.11) and (2.12) are not to be taken as an indication of the
relative stréngths of the b>u and b+ c couplings, but

"they obviously admit the possibility that |
b>c+W) > IN(b>u+W), | (2.15)

which previous authorslg’25 have emphasized. We shall present a

means for testing this suggestion through observations of the

leptbns emitted in B—quarkvdecays. -Méqsurement of the relative rates
for b*u and b +c trénsitions in execlusive nonléptonic channels,
while attractive in principle,vis complicaﬁed by smallibranching-
rafios for charm decays and by the combinatorics of multiparticie

final states.

ITI. Electron signals in (bb) production

In this Section we shall organize the observables. which
pertain to leptonic final states which occur in the decays of
unbound (bb) pairs. To be specifié, we discuss observations of
prompt electrons only. Completely parallel discussions apply to
the cases of muon detection and of electron plus muon detection.

The decay Pprocess

- ,-1/3 2/3 ,

> quark+

(3.1)

' e : . - . +
can give rise to no electrons, to a single e , to a single e ,

+ - . . :
or to an e e pair. The possible sources of prompt electrons are

enumerated in Table I. A positron, if present, results from the



. : - -8~
'isemileptonic dééay‘of a éharmed guark, which occurs with‘a branching
ratio of about 10%2° Electrons can arise from the decay of the

virtual W . We may therefore write; symbolically,

b= (1-a-B-7v)+ (noe) o
| 40 é+ rBe +y(ee), | (22

where the probabiiities .a, B, Y saﬁisfj 0 < a, B,.Y < 1 and |

R SRVPEN |

We focus upon unbound (vb) production for twb reasons.
First,iwe exbect the experimental isolation of a (bb) signal to be
considerably easier than the idéntification of é singie hadron with

v437f0. Secoﬁd, important correlations occur in the leptonic final
states from (bE) pairs.

One promising source of a (bb) signal ﬁouldAbe a 381 (vb)
level just abdve the threshold for @5-= +l,z@3= -1) hédron
'productioﬁ. We have préviously‘estimated26 that Such é state
would be the _4381(10.6 GeV/Qz) or 5381(10{8) radial excitation 

: R | 27
analog of the . (3.772),
28

of T(9.4). There may also be a 3D1

a copious source of charmed particle pairs.

We define the following observables:

o = o(bb » no sy, S (3.3)
o, = [a(bs +e") + o(bb ;ef)}/o(b5>', - (3.4)
o, = o(bb > e*eT)/o(b5), - | ) (3.5)
Ogs = (005 » ee") + o(vh > &7e™)] /o(Bh), | (2.6)
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- Q
w

"[cs(bs »etete™) + o(bh » e )| /otbh), (3.7)

%

:"o(bB > e+e+e—e")/b(55). I ) o o (3.8)

29

If the.decéys of b and b are uncorrelated, these can be

expressed in terms of the parameters o, B, Y defined in Eq. (3.2) as o

o = GCL- a-»B-—y)z, | S | (3;9)'
'61' = 2a+Bl-0a-B-7Y), | 0 (3.0)
o,_ = a2'+>62 +2y(1 -a-B-7Y), S (3.11)
'osls - ,éqs | o - (a2
0, = 2a+ By | | o C(3.13)
%4 © ¥ } | ' | | - (3.14)

There are three constraints among the fractional cross sections.

The first is the trivial requirement that-
O ,+0; +0, +tO +0,+0, = 1° (3.15)

1 - _ss 3 4

O’

and

+0 = 1-/5, - (3.17)
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¢

The parameters o, B, Y may be obtained from the observed
. eross sections. First, the parameter‘ Y  1is computed from Eq.

(3.14),’or with the aid of (3.16) as
Y = 04670, | | - (3.18)
which will be statistically more powerful. Then, since
o+ B = ol/2v6;, A o (3.19)

we can use Eq. (3.12) to set-up a quadratic equation for a

and B8, which has the solutions

2 . . '
B .\/O‘l' . O'Ss .
a = 01/4/5;;i EB_; - 5 ’ ' : | (3.20)
B = /4'/"— Y_.O_li ?EE. : (3.21)
/%% 1165 T 2 . SRR

The’quadratic ambiguity of Eq.'(B;ZO) and (3.21) ‘is not always
preseﬁt in'practice as we shall note in Séction IV. Under some
circumstances it is possible to determine independently whether
o or B 1is the larger. It gdes without saying that in the_
absence of magnetic analysis of the electron charge, oo and B
vcannbt be determined separately.

The requirement that_ o and B be reallnumbers,'together
with Eq. (3.20) and (3.21), implies that

s < q?/soo.' - : - (3.22)
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3

vMbreoVer; from Eq. (3.17),

o

1 | o
13 + Yo » V20, , (3.23)
N/ . 1 ‘ .
2v0 °© - .
or
o< 3 (3.24)

Combining Eq. (3.22) and. (3.23), we find

Oss % < 3. : | - (3.25)

The constraints (3.15)—(3.17) and (3.22)-(3.25)
provide important checks on signal purity, on'experimental biases,
and on the assuﬁption of uncorrelated decays of .b and E;
We.shall discuss the elimination of backgrounds and the‘éffects

of neutral particle mixing at some length in Section V. Now,

‘however, we turn to the problem of relating the parameters «a, B;

and Yy to quantities of theoretical interest, in.idealized cir-
cumstances. |
IV. Determination of Branching Ratios
The relative rates.for inclusiVe b-quark decay which
appéaf in Eq; (3.2) are determined by the rates for‘the processes
listed in Table I, - Our task now is to relate the parameters
o, B, Yy defined in (3.2) to the rates for specific decay processes.

We begin by making an important simplifying assumption, for which
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¢onsiétency checks.will bé nbted.- We assume the decays of the
b—qﬁa?k‘(b >u+W,b>c+ W_) to be independent.of the
subsequent decays of the weak current (W - R-vl, du, es...).

This Ansatz is unjustified if the noﬁleptonic decays of the b-quark
are substantially enhanced. ‘Such circumstances are not anticipated
in the Kobayashi-Maskawa model.19 We névertheless conQ1ude this

~ Section with weaker results that are independent of this assumption;
A. No Nonleptonic Enhancement

- We ‘denote the branching rations for.b—quark decays as

£, - (4.1)

(b »u+ W )/T(b~> 511)

I(b + ¢ + W )/T(b + all)

]

(l - g), ' (4-2)

with O € £ € 1. The charmed quark decays semielectronically with

a probability of approximately lO%;22

I'(e +ve+ + anything)/T(c +'all) =z A 10%. . (4.3)

Consequently, the probability for the inclusive decay of b -into

+ .
e 18

I'(b >et anything )/T(b - ali) zo+v=21-E§).
| (4.4)
If thevparameters d and Y are‘exfrécted by’fhe method of the

pfevious Section, knbwledge of 2 permits ﬁs to obtain the felative

rates for b+ u and b + ¢ transitions.
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It may happen in pfactice that one “of the two solutions for
o in Eq. (3.20) - yields an unphysical value for’ £ in Eq..(4.4)f
v This eircﬁmstance would aecisively reSolvebthei quadratic ambiguity
in (3.20) and (3.21). o | |
By considering in detail tﬁe possible sources of eléctrons
listed in Table I, we shall find:it-prpbable that the quadfatic
ambiguity can be eliminated even if both solutions for o ‘lead
‘to physically aéceptablé values of &. . In the absence of nonleptonic
~ enhancement, the inclusive sémieleﬁtronic décay‘rate of the b—quark
isBOv
(b »q +.e_ + aﬁything) = I(b~>q+e + Gé)
+ (b >q+ 1T + GT)F(T_ - e_GevT)/F(T' > ail)
+ T(b > q + s+ ¢)(c >e.” + anything)/r(a_ + all),
(4.5)
where the generic q represents u  or c,v and Sg denotes the
Cabibbo-mixed s-quark. We define the electronié branching ratio

of the 1( v 18%)31 to be

v = I(t +'e—seVT)/F(T_ -+ all) . (4.6)

Then, making use of Eq. (2.5)-(2.7) and.(2.13)—(2.14), we have

(b >y + e_f_anything) l f'Vf(m%/mb) + BZf(mc/mb)

- (4.7)
I'(b » u + anything) ’ 5 + f(mT/mb) + 3f(mc/mb) B

and

I(b > ¢+ e+ anything) £(m /m)) + vo(m ,mp5m ) + 32¢(msm sm )

I(b > c + anything) 58(m /m ) + ¢(m,m sm ) + 3¢(m ,m ;m )
| | | - (4.8)
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Inserting the experimental values V = 0.18 and 2z = 0.10,
choosing m, = 1.5 GeV/c2 and m = 5 GeV/cz, -and approximating o

¢(mc’m't5mb) %g((mc * mt)‘z/m29>" we estimate. v

I'(b » u + e + anything)/T(b = u + anything) R 0.18, -

(4.92)
I'(b + ¢ + e + anything)/T(b > ¢ +vanything) A 0.18
| | | (4.9p)
- To the extent that the branching ratios (4.9)'are equal, we. may ’
- conclude from Eq. (3.2) that_ ‘
B+ Y =T(b+e + anything)/T(b + anything)
&.0.18
(4.10)
Since, according to (4.4)
0<a+y<z %010, ) - (4.11)

we exﬁect-on the model of this subsection that B > a. By imposing
this requirement we eliminate the qﬁadrafic ambiguity of (3.20) énd
(3.21). | |

The value of the parameter vy is expected to be quite -
-small: | | | |

I'(b » ¢ + e + anything) . ‘I‘(c-)-e+ + anything)
I'(b » all) | I'(e> all)

’Y:

?\J, 0.18(1 - £)z o  (4.12)

N

0.02.
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COnsééﬁéhtly four;léptoﬁ'eventévwili be.exceedingiy rare, With |
cz' = Y2 LA x 1O-4; The_multileptoﬁlcross gections are plotted-
in Fig. 1 as functions 6f E. We notice that - css% &{1%) is by
no means negligible. Consequentiy, prompfbsame—sign dileptons . .
should be avusefui signature for unbound (vb) production in hadronic
interactions. .

Fipally, let us make the essentially‘kinematical cormection

" between the parameter & of Egqs. (4.1) and (4.2) with the weak

current couplings: -

b >u+W)  T(oru+W) 5f(mJ“E)+ Hm,,m ;m) +31>(mc,inc;n>b)

g(b>c+W) T(b>c+W) 5+f(n/m)+ 36(n/m)
"\9 6.48 z—l-—:_g-—gy,' v | ' (4.13)

where the coefficient 0.48 carries an uncertainty characterized.by

our ignorance of quark masses.
B. Arbitrary Nonleptonic Enhancement

 If some of the nonleptonic decays .of the b—quark are enhanced,
the analysis given in the preceding subsection hoids through Eq.
(4.4), which is_td say that the parameter & ‘can be determined.
However, the qualratic aﬂﬁiguity of (3;20) and (3;21) may persist,
and the connectioh of & With the weak couplings wili not be as
direct as given in Eq. (4.13).
The definitions of B and Y provide a possibly useful

constraint. Combining
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K (b ~ uwt e+ anything) + T(b » ¢ + e + anything)

B+vy=
' I(b + all) »
(4.14)
with
-y I'(b » c+ e+ ahy“thing); (4 15)
Y 1 “T(b > all) - HRRAas
" we have
(b > u + e_+ anything) - Z[-B—u-]— 1 s o. (4.16)
I'(b + ¢ + e + anything) Al
The positivity requirement implies that
B+vYy > Y/z, : A (4.17)

whiéh replacestq. (4.10). If v/z > =z, Eq. (4§11)- and (4.17)
again indicate thatve >a . |

To connect the resulting value of & with the_weak current
couplings, we generalize the numerafors-of Eq. (4'7), and (4.8)

to include nonleptonic enhancements, and write

g2(b >u+ W) _ T(b~>u+ e+ anything)
g2(b >c+ W) I'(b > ¢ + e + anything)

f(mc/mb) * vp(m ,m sm ) + 3zE(b > cEse)¢(mc;mC;mb)

1 +.vf(mT/mb) + 3zE(Db +-uése)f(mc/mb)

' Giﬁ.i.l} _/j> R(E(Db +A§Ese),E(b > uEse)),.k
Y | |

(4.18)

1]
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where E(b.+;quark3) islfhe appropfiatevnonleptoﬁic enhancement

factor. In general we.can say nothing precise about thé numerical
factor R; However, an interesting special case‘occurs if the
'ﬁoﬁleptonic enhancement'factor is the same in numeratof and denominato#

The variation of R with E  is then rather.limited:

il

RE=1) % 0.49,

(4.19)

R(E = 10) ¥ 0.43,

and:a réliable estimate of gz(b_+'u + W-)/gz(blﬁ'c-+ W) should
foil@wézihe uncertainty reflected in (4.19) is not enormous |
compared to that derived from quark mass uncertainties.

Let us summarize the results of this Section. We ha&ev
shown how observations of multilepfon final statés lead directly to ‘
a measure of the relative decay rateé I'(b »u + W )/T(b » ¢ + W—).
In easily forseeable circumstances,'the procedure described is free
of a quadfafic.amﬁiguitybwhich could occur in principle. If
nonleptonic enhancemeﬁt is unimportant for b-quark decay, the inferréd‘
relative ratesvnmy'be converted to a rather precise measure'of the

relative sizes of the weak current couplings. In the présence of

" nonleptonic enhancement, the final step cannot be made with great

~ confidence.

In any event;'the parameters o and Y , whiqh pertain to
wrong-sign leptons (b +‘e+); play a decisive roie in investigating
the relative strengths of b= u and b +ec transitions. Without
‘magnetic analysis of the lepton charge, the observables o,_

~eand o__ are merged into
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o, = o,_+0 = (a+8)+2(1-a-8-Y).

The parameters o and B then occuf in the combination (o + B)
.in all observablés [cf. (3.9),'(3.‘10),. (3.13)_,' (3..14)] and the
analysis we have proposed cannot be executed.v

The method we have described is bésed upon the observation
of the secondary leptons from semileptonic charm decays, as wellu

£

as the primary leptons from the decay b > q + e+ V. A comple-

mentary approach has been advocated by Ali,25

who has made extensive
simulations of the primary and sécondary lepton spectra. Iﬁ his
analysis scheme, secondary leptons are éliminated by a_kinematical
cut. ‘ |

Obviously‘it-would be ideal if one could tag the primary
decay unambigﬁously. This would bé possible if, instead of énv
vundetectable neutrino, the final state of semileﬁtonic b-quark
decay contained aﬁ unstable neutral lépton. For example, a
neutral heavy lepton NOY coupled right—handedly to the eléCtron:
| éould be reconstructed in the chain

bagq+e + N

. (4.2'1)'

Branching ratios for the decay N° +{e+ﬂ~ have been estimated,

~ for example, in Refs. 33.
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V. Backgrounds and b,b Mixing

The isolation of a pure (bb) state is an unlikely ideali- .

zation. Even in e+e— :annihilations at the peak of a (bb) resonance,

there will be'backgroundsbdue to continuum production of other
hadrons and to lepton fair productién. We shall use the example of
T+Tf production'fo illustrate the effect of ﬁaékgrounds upon
the_consiste?cy reiations recorded in Section IIi. It ié tq be
e#peéted that such backgrounds can be eliminated by the usual
subtraction techniques using control bands on either side of the
resonance. A second effect which can:ﬁodify the.analyéis described
in Section IIT is b,E mixing. This can occur if the b-quark is

- incorporated into a neutral meson ‘(ba)o. or'(bé)o, which can mix
by second-order weak interactions with (6d)° -and (bs)®, respec-
tively. If the mixing is appreciable within the meson lifetimes,

b > b effective transitions take place.

+ o .
A. Consequences of a T T Background

Additional incoherent sources of hadrons and leptons
necessitate a straightforward generalization of the analysis
giveﬁ in Section III. As an example, we explore the consequences

+ -
of a T T contribution. In analogy with Eq. (3.2), we may write

, . . ) . _ -
‘T o= (1L =-v)(noe )+v e, o (5.1)
wheré-the leptonic branching ratio v has been defined in Eq. (4.6).

If the observed cross section is made up of (bb) and T+T- in the

gypr— v
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" proportions (1 - p) and p, the observables of Eq. (3.9-14)

become
0; =»_(1'; p)(i -a- 8- Y)Z + (1 ',\02 o (5.2)_

o = A1- pXo + 6)(1 - a ---BQ Y) + 201 - v) :(5.3)

o, - (- ) + 8 + 21 - - B“F'Y)] s (5.4)

o =21 - p) | o | o 5.5

oy = 21-eXarBY  (58)

o, = (1- D)Yé | o - | (5.7)

;o

Cf the constraints listed in Section III, Eq. (3.15) continues
to hoid, but Eq. (3.16) and ('3.;7') are no longer valid. Violations
of (3.16) and (3.17) may be taken as indications that background |
subtractions have been_inadeduately made.  To illustrate the

expectéd level of these &iolations,-we plot in Fig. é the ratio |

v 05200/040i?, which is equal to unity in the absence of ény back-
ground, for various choices of the contamination parameter p, as

a function of §&. The values v = 0.18 and 2z = 0.10 are again
adopted and, as before, the parameters. o, B, .and Y are given

in tefms of & by.Eqs. (4.4), (4.10), and (4.12).° Aithough this
figure is specific to thé model Without nonlepfonic enhancement, |
the acute sensitivity to background that it demonstrates is an
encouraging result. in contrast, fdr the sitUatién-described

by this example, violations of the constraint (3.17) occur at the

level of < 1%.
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B. Consequences of Neutral Particle Mixing

We suppose that because of neutral particle mixing there
'is a probability f that a produced b-quark will convert before

decay to a b-quark, i. e.,

ba(l-f)+55, o © (5.8a)
b (1-5) >+'f'b,' S o C (5.80)
with
E = f/[f(l - r2) +'r2] , (5.80)
1-eff
r 1+ ¢e| (5.8a)

where € 1is the conventional CP-violation param.eter.34 For the
present discussion, we assume that the produced (bb) quarks, while
dressed with quarks of a single flavor; are incorporated into a
- sufficienf variety’of hadrons that no correlations between the
"mixings of b and b éfe presént; A treatment of the correlated
case, in which one may hope to study ‘CP=violating éffects in detail,
is given in the Appendix. _ |

| In the presence of mixing, Egs. (3.9)-(3.14) afe modified

" as follows:

(1-a-8-v2 | (5.9)

L= Al-a-B-yXa+B8), (510

Q
il

Q
1

o 2 v 2 -
o, = (o +B)" +(a-B)(1 - 2f)1 - 2f) | 21 - a - 8 ),

2 (5.11)
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_ (et 8P : (o - p)XL - 20)(1 - 2)

Ogq " , ‘ (ﬂ5_.12) R
"03‘ = 2o+ B)Y, | | R - . (5.13)
o, = Y- | : o (5.14)

The quantities (a + B) and Yy appear as before}vbut (o - .8)2 “is re-
placedby (1 - 2f)}(1 - 2f ) o - 8)2. In addition, CP-violation is
manifested in the form bf'the charge asymmetries

(0, -0 /o, = (a=-8)NF-1)/a+8B)

X gRee £(1 - £)(a - B)Aa + B), - (5.15)

(6 -0 )/O = 2(5" g)(a + B)(a - B) » (5.16)
(a +8)°= (a - B)A(L - 2£)(1 - 2F)

o =16 Ree £(1 - £)(a + B) (a - B)
(a+ 8)° - (a - B)X1 - 2r)°

(»c++; - qL__)/o3 (o - BXT - £Y(a + 3-)' ' | (5.17)

(o, - o_ /oy

to leading order in €. | : | , = o ﬁ
| The constraint equations given in (3.15)-(3.17) and

- (3.22)-(3.25) continue to be valid. However, the quadratic

equation for o and B now has the solutions

'-1-‘\/612_088 E
= 0/40, * TTor G T2z (5.18) 'f
5 ;
C. (e} :
- . — 1 1 “ss

i

neglecting the small.differehce between f and
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The required positivity of ‘o0 and B may constrain the mixing
parameter f. It requires'>

2 2 | I
(1-20)7 > 1 - 8o 0 /oy | (5.20)

On the assumption of no nonleptonic enhancement, it is
possible to detefminé both the decay parameters o, B8, Y" and the
'mixing parameter f. We firsf compute 'y from (3.14) or (3.18),
ahd use Eq. (4.12) to e#aluate . Then a} is given by Eq. (4.4),
and. B can be derived from (3.19) or (4.10); Let us denote the
solutions to Eq. (3.20) énd (3.21) as o and BO. Comparing
(5.18) and (5.19) with (3.20) and (3.21), we find |

a - B . .
£ o= %_ 1.- 0 o (5.21)

a—s

which has two solutions because of the quadratic ambiguity in

(aé - 80). Imposing the reasonable requirement
we obtain a unique solution.

If there is an arbitrary nonleptonic enhancement, we cén
do nothing so specific. We may evaluate 7Yy as before, compute

a+B=a +B, and use the bound lo - 8] > Ja, - B, | to

ol
o) : - > -
derive a bound on g°(b > u + W )/gz(b +>c¢ + W ) along the lines
of (4.18).
, 36

Ali and Aydin have proposed a study of neutral particle
mixing and CP-violation based upon the observation of high-momentum

léptons arising in the primary decays

b ~» q+e'+\7e, ’ : : (5.22)

which may be kinematically distinguishable from the leptons emitted

in semileptonic charm decay. '
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VI. Summary and Conclusions

The-relafive weak curfent;coﬁplings_for the transitions
b+u+W and b >c + W; can be meﬁsured by Qbserving the "wrong-
sign" leptbns afising from.the secondary chéfmed‘quarkvdecay,->We
have shown that final states containing up to four charged leptOns,.
which occur in the decay of an unbound (bE)vsystem, are particularly.
useful in sorting out the decays oflthe b~quark inté states confaining
zZero, one, or tw§ leptons.: The effects of b,b mixing can be
detefmined independently if nonleptonic'decays.are not enhanced, a
likely possibility for very ﬁassive guark decays.

The most bopular framework which accomodates a b-guark is

24

a six-quark generalization of the Weinberg-Salam model which groups

the quarks into three left-handed doublets,

G G G e

where L  denoctes V-A COupling; The primes indicate that the
quarks are mixed, in a manner parametrized by three (Euler) angles
and a CP—violating phase. The ratio of couplings determined by
Eq. (4.13) fikes ocne angle; another is the Cabibbo angle. To

fix the third reqﬁires a study of the relative couplings of

b (a,8,0) + W | |

37

Another Variety of six-quark models involves two quarks

(u,c) with charge +2/3 and four quarks (d,s,b,h) with charge -1/3.
| 38

Since no evidence for a new family of (QQ) states has been found

up to about 15 GeV/cz, the mass of a sixth quark is presumably
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greater than 7 GéV/cz. In these models it is unclear how b

and h should couple to u and c¢. A suggéstioh39

60, e

R R

that the new

' couplings.be'

seems ruled out by the absence of a high-y anomaly in VN scat-
0 _ v .

An alternative aSsignment,v -

<E>R 3 (;)R o (6.3)

is ruled out by neutral current information from neutrino scattering,

41

-~ tering.

which indicaﬁes that the wu-quark is a right—handed singlet.
The possibility remains42 that b and h would be absolutely
stable in the absence of mixing with d and s. In this case
constraints on. b>u+ W__ couplings are still imposed by  B-decay
universality, but the restrictions are somewhat different from
those within the model defined by (6.1). |

Whereas it is naturai'in the model with three left-handed
doublets that there be three charged leptons (e_,u—,T—)? the six-
quark models with four charge -1/3 quarks tend to incorporate a
fourth charged lepton, L . The correlations among multilepton
final states which we have deseribed maj.be_of value in recognizing.

the unexpected background provided by a new source, such as L L .
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APPENDIX

EVOLUTION OF A #8°&° sysreu

The evolution of a'neutrallmeson—anti»neutral—meéon
system produced by éingle phofon>annihilation of electroﬁ and
~ positron has been described by many authors.43 Here we proﬁagate
the effectsvof neutfallpérticle.mixing and CP-violation through the .
" cascade deéays 6f b-quark-bearing mesons, paying attention tov
thé implications for multilepton final states. |

If neutral particle mixihg results in effective b > b
conversions, the evolution of an initial Q?cZé%_ state with chérge

conjugation' C =-1 can be described by .

(55) (1 - £)(1 - T)(vb) + %—f’(l - £)(bb) + }2—f(l - ?)(BE)
bb) > .
0 1 - %—(f + T)
(A1)
- ‘The observed cross sections, which result from decays of this
semifinai state, are-
o = (l-a-8-17 | (a.2)
op = 2a+BN1-0-B-Y), (A.3)
2 2 - | ' '
°+_=(a+8)+(a—8)(1_f—f)+2\r(l-u—B-Y)+@'(€2),v
. : 2
Lo (8.4)
o, = (o + B) -(OLfB) (1-f-f)‘_,7(5/(82), (A.5)
2 ' .
Oy = 2(o + B)y, | \ (A.6)
o

L= Y2 | | - (A.7)
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For this.COrrelated case, the CP—violating'Charge'asymmetries are,

to Ofe),

(o0, =0 )/ay

~4Ree £ (o - B)/(a +.B) | (4.8) ,

| gRee f(o + B)(o - B) (A.9)
(0,, —0__)o =~ . |
e T s T ) (o - 8L - 20)

~~
Q
+
+
1
2
1
SN
~
Q
W
i

-4Re€ flo ~ B)/(a-+ B)

(0, - 0_)/0. (a0

Comparing with the charge asymmetries in the uncorrelated case '

(5.15)-(5.17), we find the familiar result4‘4

that the asymmetries

are approximately twice aé large in the absence of correlatioﬁs.
By a prdcedﬁre-anaiogoué to that of Section VB, we

may determine the decay andvmixingvparameters uniquely, in the

abéence of nonleptonic enhancement.: In the pfeSent caée, the

quadratic equation for o and ‘B yields (again neglecting

the small difference between f and T)

p)
_ o o} _
o= o /4 % _ Y7 o 88 (A.11)
° A-ar 160 2 | |
C a. g .
= Q. /Lo % —r .}[ L S8 . ~(A12)
B 1 o —57 _ T

160 2
o]
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 The positivity of o and B now‘iinplies. '

' - 850 : -
1-2f » 1-—20, (4.13)
_ A
or ’
f & 4o_ o0 /02 ' - (A.14)
T ss o1 - i

We now proceed according to the prescription given below Eq. (5.20),

and solve for the mixing parameter as .
£ = % 1-]2__° (A.15)
a-8



TABLE I: Sources of prompt electrons from b-quark decay: b - quark +W.

30~

—_ - —(d S) —
uv no e- wa, no e
Quark- » :
u. 0 0 0 0
/ﬂno -‘O -0 0 0
o .
\ + + + + +
Te e e e e e
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FIGURE CAPTIONS

Fractional mulfileptbn cross_sections-from the reaction

e'e” + (bb) in the absence of nonleptonic enhancement.

The parameter &, defined in Eq. (4.1) and (4.2), specifies
the relative importance of the decays b>u+W and

b>ec+ W.

Effect of an incoherent background source, e+e— - T+T-,
upon the constraint equation 035200/040122 =1, assuming

no nonleptonic enhancement. The prodﬁced population is

represented as (1 - p)(bb) + p(T+T—). o

1

,.rﬁ']*
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