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Abstract:

The theory and phenbmcnolngy of heavy quark production and decays at LEP
an SLC energies are discussed. We particularly emphasize the bottom quark physics
becauss of the anticipated large event rates on the 20 peak, and top quark physics
for obvious reasons. A good part of the calculations presented here is of interest

-
alygo for experiments at lower e e energies.
1. Introduction

The past and present experience with e+e_ storage rings as precision fools
in the studies of heavy quark physics strengthens our hope that LEP and SLC would
continue this illuminating tradition. Thiz hope 1s certainly well founded since one
expects a cross section for e+e- + Zo + thadrons, leptons} of ~ 30 nb at the Zoupeak,
Js = mpy = 93 GeV. With an estimated integrated luminosity of ~ 100 pb-1 in a
typlcal year ac LEP, one expects per year 3 x 106 Z0 eventsi). Thus, the interest
in LEP lies primarily in its capability of studying rare processes. This aspect has
already been emphasized in the context of Higgs énd Higgs - like pﬁrticle searchesz)
We would like to concentrate here on the heavy quark physics, especially the rare

provesses in Lhe weak decays of heavy quarks.

. Let us briefly take stock of the situation in weak decays of the charmed
amd bottom hadrons. As of now ~ 85 T of the DO and ~ 88 % of the D+ exclusive
decays have beep measured, mostly from the w" (3.717) decayss). The inclugive mea-
surements of the processes (DO, D+) + K*X, their semileptonic decays as well as mea-
surements of a large number of Cablbbo suppressed decays have put the Cabibbo — GIM
curreat in charmed hadren decays on a firm footing. The inclusive lepton spectra
are well reproduced by the QCD - {mproved quark decay modelq’. The experimental
situation about the Ft decays is pot quite as satisfactory. There are only a few Ft
dvecay modes established and even inclusive measurements of the tyﬁe BR(F* > ltX),
RR(FT » K*X), BROES o nX) etc are not yet measured. This cilrcumstance is both due to

the relatively small statistics of the e+e— -+ F*X sample as well as due to the formi-

. + - (] T )
dable background from the much mere frequent processes e e 2 DX, DX, Since, one expects

a hranching ratio BR!ZO 5 €y = 11 7 in the standard model, this would lead to
5 *
00107) events of the type 20 + C¥ » FX in a typical year at LEP. This iz large



+
enaugh a sample to address detalled questions about F7 odecays. However, the real
diffrrenee at LEP and 81.C and their counterparts at PETRA and PEP Yies o the
improved vertex detectian capability at LEP and SLC with Lypical resolut ions of

)
0120} . This shouwid provide a reasonable detection efficirncy for the I+ mresons

at LET and SLC, something which is missing in lower energy e+ rooexperiment s at

- ) g . -}
PEP, PETRA, CESR and TORIS. The interest in tagging the B, apmil on s ovn
right, is also rdue to the expected decays of the bottam mesmons RE amd weenh mixings
2 =0 : ¢ +,5) : *
Iig ¢+ By giving By > F X Thus, an understamling of the F7° decay propettpes

and an improved detectlen effictency at LEP and SLC would be ol a premivm,

There is another latent interest in the stwlies of the charmed meson
decays, namely in the DO - 50 oscillations, The present hest limit on the

-0 - —3¢
probabllity of D0 « D oscillation is: P(DO o DO) ¢ 4.Txi0 ¢ }. Wi dn expedct
some improvement on this limit by the ongoing experiments hefore the [LFP tarnen. In

0

the standard model one expects Prob. {Do P ﬂt1n"J), thaugh there is cowsi=

"y

derabie ymcertaloty in the numerical prediction doe Lo non-perturbabive effecle
0

large number of events in the process 27 = DOX and the sizeable detectjon ofF{-

ciency for the DO mesons at LEP and SLC experiments should make it pomzible to

0 Q

detect D0 2 D) mixings at the 10_3 level, The vertex delection efficiencics for

the charmed and hottom mesons at LEP are discussed separately by R. Setrles ju a

a
companion reporkt

Turning to the present status of hottom hadren decave, probably the most

signilicant result so far has been the measurement of theiz average Titet e,

<rpd> = {1-26 £ 0.1R) X 10_12 gee. The lang bettom Tifebtme is a heoan for LT and
SIC experiment s and would enable Lhem to detect bottom mosers atoa rathe Vned—
some rate tsee rels. (91 and (10) for caleulations of detection efficiencres a
LEP ami SLCY. The other significant Information from the CESR amd DORIS experi-

ments is the preseat upper limil on the bottom gquark coupling copstant pat jo:
113

T

R = Fehsuluyp)/Cthacluy) < Q.08 2 090 7 confidence lovel ol oaddstaen te the e

cinsive measurements, the experiments ab CESR and DORIS hinve put opper hoosdds onoa
number of two - body or quasi twn - bhody decave of the n" and Ri mesam, which e
typically at the Jevel of 0’10_?), far example RR(ﬁQ > u+u-) < 0.02 Z!l}. For the
Cabibbin - Kobavashi - Hashkawa ICKM)!Z) atlowed Lransition I » ¢, Yhe jelasive
measurements of the semileptonic branching ratios and lepton 3pectra are an aprees

ment with perturbative QUD - improved quark decay moded. On the oiher fineto b

Bg meson has vet to be discovered. The discovery of the Rg meson and Lhe antici-
pated large Bg L Eg oscillation may have to walt the onset of the LEP and SLC ma-
chines, though we do expect significant advances elsewhere on these fronts in the
intervening periodla) Extrapolating in time, probably the most Important questions
in bottom decays at the time of the LEP turnon would be the determination nf the
CKH suppressed transition b 2 u, the observation tconfirmation?} of Bg - ﬁg
oscillation, the measurement of individual bottom hadron l1ifetimes and semilrptonic
branching raties. Sinee the branching ratio RR(ZO 2 bl = 15 7, we expect a product-
ion of 0(1061 boettem hadrons per detecter at LEP per year. This should enable the ex-
periments at LEP to study most L[f not all of these questions. Whether one wonld be
able to detect CP vielation in bottom hadron decays is a question that depends on a
number of fortunate circumstances. Dedicated LEP runs over a long peried, however,
would provide the statistles and the measuring environment ta at least meaningfully
probe the predictions in several extensions of the standard model in the CF violation
secktor, In most extenslons of the standard model, the CP viglation effects in the

14
bottom sectar are enhanced .

The standard model predicts a sixth quark, top, te complete the bottom
doublet. Present evidence for the top quark is rather fragile. The UAl - cnllabora-
tion have reported evidence for a signal in the canonteal topology expected in the:
t-quark decays with the mass in the range mg = 30-50 GEV!SI. The top landscape 1s
otherwise flat and it is virgin land for experimenters at LEP and S1C. Obvinusly, if
mg > mys7 . then top will not be accessible in the 20 decays but anly in the higher
energy e+e_ continuum where the tt cross sectlon iz not large. For m < m. /7, there
certainly is some phase space suppression in top duark production rates. These rates
have been estimated by the working group on topenium phynicslﬁ}, which we have al o
used here. We shall restrict ourselves here bto some of the interesting imgues in
the decays of the top quark. in the CKM model, the pre=ent batn? an the mabrix
clement Vg and unitarity prediets IVep 22 Ve D21 gl The et e whet Bed it
wvould be possible to measure the transilions L 2 5 and t - b oat LEP, leading to an
independent determination of the matrix eclement Vig and V4. Since Veg is already
known in the CKM model via the relatien Vis =1- VES - Vg » thigs weuld provide
a check on the 3-family CKM model. The method to determine Veg is through
the mcasurement of the Jt energy spectrum in the semileptonic decays t * sl+u1,
vhich would result in harder momentum spectrum compared to the decays t - bl*ul

z
However, since already |Vpgt/IVep! ~ 0031, where % = sinl. , mrasuring this ratio



would require a very large top hadron sample, which may or may not be avallable at
o
the Z peak. A lower value of my , say my = 30-35 GeV, would be very welcome in this

regpect.

There is no compelling reason to belleve that quarks heavier than the top
exist. However, they may exlst 1in their own right. The most stringent constraint on
the heavier fermion masses is dua to their coﬁtribution to the 80 called p-parame-
ter defined for example by p = my /mz cog Bw .The value of p found from the deep

17
inelastic vy and up data 1s p = 1,02 % 0.02 ). At 1o level therefore one has

18
Ap ¢ 0.04, which translates into the following bounds on the fermion masses )

2 1 2 2
(ngy = moq? + 5 (myp, = leﬂ < (310 GeV)

where the notation is obvious. This gives a fairly large allowed mass range for the
gearch of heavy fermions. If the heavy ferm}vn mags mp < Eppgn . then rteT mas

chines would be suitable tools to produce these fermions and shisdy their properties,
We shall, however, restrict ourselves to 3-families and refer to detailed calew-
lations presented in refs. (22) and (23) for pthomenologiral implications of heawier
than’quark production at LEP.

This paper is organized as follows. In section 2, we discuss the pro-
duction cross gections for the process e+e_ 3 v,z ff and review the foruard -
backward charge asymmetry. The cross sections estimates take into account both the
perturbative QCD corrections in Ofefy) as well as the quark mass effects for heavy
quarks. This then provides the branching ratios for 20 > ff. We review the pregent
status of the weak decays of heavy quarks, presenting estimates for their lifetimes,
gsemileptonic branching ratios and some exclusive decay modes of the
bottom hadrons which have a special theoretical interest. We also discuss the
perturbative QCD cerrectiong to the ]t energy speétra in the semileptonic decays of
the charm, boettom and top quarks and present a method to determine the ratio
Vpuy / Ve in the continum e'e” tor on the ZO pole} through the 1t transverse -
energy distributions. In section 3, we review the present status of the CRM matrix
elements and the potential of LEP experiments to determine some of the undetermtned
entries in the CKM matrix. In section 4, we review the theory and phnnnmvnn]bgy ol
B-B nscillatlonstg). We present rates for the dilepten final states in the deecays

0 - EIE + - 20y .
Z°+bb+ 171 %, 11x and for the inclusive lepton-kaon~kaon final states in

—E-

+ - 0 X ¥ + & * * +_—

ee +v,Z »1KKx, 1 KKx, 1 KX x, which also provide useful signatures for
the Bg - §s oscillations., In section 5, we briefly review the prospects of CP-vio-
latton in the bottom hadron decays, remaining mainly in the standard model frame-

", ,22)

: ) 65 1
work and briefly mentioning variations on this theme ’ . Finally, section &

contains a brief summary and an ocutlook.
2. THE STARDARD MODEL PREDICTIONS in e+e_ = HADRONS

2.1 Cross sections and the forward backward charge asymmetry

We gtart this section by reviewing some of the standard formulae for the
processes e+e- -+ ZO,Y + ff where f is either a lepton or a quark. In the Born
approximation, and ignoring for the f 1me being fermion mass corrections, the diffe-
rential cross section {averaged over initial and summed over final spins) can be
written as

do - - nazoi Net(l + cosze)

te'e” +Z,y + £F) =
dcosg ) 239

2 -1
aQpNgGpll -~ s/mg 1D
w2

2
[ veve (1 + cos 0) + Za.agcos8 ]

Gp NesD !
, G Nes

2 2 2 2 2
16 (ve + a8, Jvg + ag )1l + cos 8} + 2azagv.vecose (2.1}
n

2 2 2
where D = {1 = s/mg ) + (I'z/mz) , Qf is the electric charge and the parameters of
the standard model ag, vg and Ng are given in table 1. As is well known the interest

in the cosfd distribution is in the electroweak forward-backward charge asymmetry
defined as



_7_
1 [+]
do - do
J dcos® - f deast
deos8 dcons®
a -1 (0)
fo LB
AFB = 2 —Toy (2.2
1 o o
da ' do
I —— dcos® + I —— dcosd
dcos@ deosd
0 —1

The mumerator in the integrated asymmetry, Ag, and the cross section, o, in the

denominator are given by (the superscript (0) denotrs lowest order)

Q) f £
g

= +
£ Syv * %an 12.3)
A(0} - AF + AF
f zY 27
where
2.~ 2 -1 2 2 H
Gf . 4 na202N _ 40QeNeGril - 8/m; " )D vavg R GpNgSh velva + a0
v 3s £f 342 fir
e 2N “t
= = 2 2 z
0;A = —E-Ef———" aglv, + apt (2.1
f 4a 2. -1
AZY = - ;‘2‘ QeNeGpil - s/m; D ngar
G ZN-
£ DR L A
o = o ?D Ap3fVaVE

from where it is straightforward to read off the expressions for the crazss gections
H
and the asymmetry. Distinguishing here between the (i} PETRA/TTF range s << m, and

] 2
(11) at the Z -peak, & = my , one has the following expressious for the two regions

2
(i) s << my

f 3Gp s af
A - = —————g— g, [
af2n (1 - s/my; ) Q¢

0 (2.5)
2 et v lQpve?
me - rTl'l’ Of Nf - _.__F. Nf _,E__u_z
J2a (1 - s/my )
where
. + - + - 4 2 .
Ty = oglee >pyp) = Eq"a (2.6}
2
(1ite = my
f Jagagvevye
AF—B = =z 4 z Z
(vp+ ag Mlve + ag )
G 2]‘1 4
3 m 2 2 2 2
of - 2 L e a0 ag 2.1
6nl, "

We will naot digcuss here the electroweak radlattve corrections, which have
been extensively discugsed by the working group on the precision tests of the stan-
dard model at LEPZQ). Our interest here is mainly in the produclicn and decay pro-—
perties of the heavy quarks. To get a quantitative estimate of the production
cross sections for ISP Zo 5 ttx, which in turn effrcts Lhe branching ratios for
all other 20 decay medes, as well as for the theoretical interpretation of preci-

sion measurements of the forward backward asymmetries for the quark sector, we need

"to evaluate both the QCD corrections and the effects of including the guark masses,



+ -
2.2 0D and quark mass corrections to gle e > y,z + x) and Agg

We shall first discuss the QCD corrections to the production cross
gection, o , for e+e- 3 ZO * qa . It is well kpown that ignoring the quark masses,
the perturbative QCD corrections to the electroweak cross section Gte+e_ Y,z
qax) are the same as for the purely electromagnetic production process e+o_ Y 3
qax. These later corrections have been calculated upto terms of order asza long time

25}
agn, giving

2y 2
s Q) ag  (Q )}
g = g5 (14 + €,y [ ] (2.8}
L] a
where o, i3 the point like cross seckion in the quark parton model,
2
g z: 02 {Z2.9}
o, = .
° a 4 1
(2}
as (Q ) ts given by the {(two-loop) expression
. 2 2
2y 2 1i2n 3¢306 - 38ny)  In 1nt /A
[+ Q) = A - 2 7 (2.103
s {33 - an)ln(Q /A (33 - 2ng) In{(} /A
and the constant c, is given by the followlng expression in the so called M5
21
scheme !
c, =1.98 - 0.115nq (2.1

~ 1.4 for ng = 5

For the massless case golng over from e'n o Y + qqx to ete” s Y,z *qqx amounts Lo
replacing o, by T which is given in Egqs. (2.3) and (2.4}, Tn other words ﬁgv and

GgA are normalized by the same multiplicative factor. Includipg quark mass correct-
ion splits the factorized form of the QCD correction terms (2.8) intn two different

_10_

multiplicative factors for 63v and UKA' The quark mazs corrections up to Otag) to

03v are the same {apart from a colour factor cp = 4/3) as the ones obtained by
29

28
Schwinger in QED ). They are well approximated by the expression

2
. (3 ~ By ) 4 3+ 3

Rq,3q$11+_a3{02, L_[_ﬂg][ﬂ_u] |
v 2 1 3 Bq 4 2 an f

2

ag(Q ?

—_— 1+ —— (2.12)
n

4 2 172
where Bq = (1—4mq / Q)

12n

s
6 (Q ) =

z 4

2 + 5
331nQ /A - 2 r n g—z—ﬂz
q At qu

12n
33 - anan /A

(2.1
Bq * 1
and we have indicated the relativistic limits for s 3> 4md (1.0 ﬂq 3 1. In other,
2 .
words, the covpling constant ag(Q ) feels the effect of only the light flavours.
The correction factor for the oqA part of the cress section is well approximated

3 A
by

RM;;{“;%(OZ, (2 2 I (2]
* B 7

+ - -
The expression for the cross section ole e = ¥,z 3 qq}) now becomes

R T .1 q A 1 1 -
R g: [ RV Moy RA LYY ] + g: [ oy + Ipn ] (2.5
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vhere the cross section is now obviously split into the leptonic and hadronic
parts. The expressions for Giv and G;A are given in eqs. (Z.4) together with the
coefficients in table (1),

There are several remarks about the determination of GSIOZI thiat have been
made in literature and we would Ilke to restate Lhem here. Suppose my > m.,, In
which case the decay Z » tt is forbidden. Then, ta an excellent approximotion the
total hadroniec cross sectinn ate’e” Y,Z Hqqx) is given by eqs, (2.8). The (CD
correction term amounts to approximately 47 assuming Apgg > 150 HeV31). With the
huge statistics available, the determination of GS(OZ) at LEP will bhe demicated by
the systematic errors, These are discussed in detall elscuherezu); assuming a ¥ 17
error on 'z or on U(e+e- 3 v,z 3 x) will allow a determination of @g within £ 207 in
a made]l independent way, By the same argument measurements of the leptonic branching
ratio BR(Zo * 1+1_) will also provide a more or less comparable scnsitlvity to dg.
If mg <m;,9, then the contribution dlie to tt production hecomns somewhat uncertain.
It has been argued that including Otag) corrections should provide a better theo-
retical estimate for U(e+o_ +tt) and F(ZO 3ty Howeveyr, the topology of tt evente
i expected to be gquite different. Thiz is discussed in detatl by G. Rudoiph in a
separate companion repnrtsz} Excluding these events and calenlating et s v, 7
qa) for the rest of the hadronic events should again lead to a determinat ion of
QSCOZ). Clearly, such a measurement is not enbirely ipclnsive aned sa o addilions]
systemabic uncertalnty has to be included in all such determinalions of qq'Q?!

We have nat attempted to estimake Lhe model dependence of noptop bopelopical crose

sections and leave it as an instructive exercisce for our experimental colleagues.

o
We return to the discussion of the estimates for the decay vidlh [¢Z dand
1] - o -
the branching ratios BR{Z =+ ff), including the branching ratin for 7 - tt. Nor-
[ - [ -
malizing the widths THZ 3 ff) in terms of T{Z - vu}, we can express the relative

branching ratins as

] -
Tz = ff)

ez -+ vw)

2 b4
= 2Ng [ vf R‘f; + af R;] t2.162

am;

7 7 (2.7
24sin @uros B,41 ~ Arg?

0 -
amd T(Z  + vor =

_12_

a3
with Arg = 0.06 which corrects for the effect of the renormalization of a ). The

expressinong for Ri are obtained from Egs. (2.12) and (2.14) by =setting @ = 0. In

table 2(a) - Z{c) wz present the branching ratiosz for the decays Zo + ff for three
sets of values for m; and sinzow. In fig. (1) we shaw the branching ratio ZO 2 tt
as a function of thO). Clearly, the perturbative calculations for F(ZO 4 £t bresk
down if the mass difference AM (Z - tt) 1s very small (¢ 1 GeV), since non~perturha-
tive effects become lmportant., We note that in the standard model, with three
families of quarks and leptons, the branching ratins for heavy flavour production
are rather large. In particular, we expect RR{(Z - ce) = 117 and RR(ZO 3 b o= 157,
The branching ratioc for the tt mode, BR(ZO 4 tt), could be as large as = 3] for

me = 40 GeV, where now Olag) corrections play an fmportnnt role.

Next we discuss the mass and QCD corrections to the forward-backward

charge asymmetry, At the Born level, the quark-mass correctlons to Ap are given by

Q (0 .
() where A ' is given in eq. (Z.3). The Olag) corrections te Af have

A = z A
f B f f

33)
also bren calculated . One now has

2
1 ag{Q ) 4 o LI -
1y A+ Bgiy 7 {0} . rF (qQ) (218

q q n Fa o« zY

\
where as noted in ref. (33.), the A?Y term originates from the imaginary part of the

7 propagator interfering with the photen propagator giving,

R fﬂ . -~
ﬂzv " 7 GFaOquaeaq [ rZ/mz ] D (2.1%
The functions rp and rp are shown in fig. (2) as a (ot o ot - PR Vs
pelnted out in ref. (33), the Otag) correctinog terw o Mg 1o e L2180 nre rather
small. However, sinve og changes subsisnt lally for Bq << 1, the forward=backward

asymmetry A, = —-  also changes substantially for the heavy quarks tn the sane
b ¥ By ¥y d

Ul]
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1imit. At the Zo-pole, however, thig effect 18 expected to be substantial only for
the top quark. In fig.3 we show the effect of the change in the asymmetry\fnr the
top quark for my = 25GeV as a function of the centre of mass energy. The interest
in fig, (3) ts twofold., First, the determination of the heavy quark electroweak
coupling constants have to be corrected for the quark mass and Olag) effects which
certainly are not small for the top quark. Secondly, these corrections tend to
decrease the forward-backward charge asymmetry. As we are going to discuss in a sub-
gequent section, weak mass mixing effects due to B-B mixing also tend to decrease
this asymmetry. Since Bs'ﬁs mixing is expected to be large and the forward-backward
asymmetry 1in e*e- 2 bb + 1tx has been advocated as a possible place to detect such
mixingssq), it is important to take into account the corrections we have just dis-

cugsed,

Before closing this section we reiterate that the measurements of the
total cross section and the asymmetry in regions (1) and (i1} are sensitive to
different pieces of the standard model couplings. This is obvious from Egs.(2.3)-
(2.7). In table {3) we have collected the present experimental informatinn on the
standard model coupling constants and their expected values.

R TR
The axial vector coupling constants ap,a‘,a and nd have hern measnred with
a typical error of #107 at lower energies. The errory on & ,a" and A are still

large. Hopefully, more data from PETRA and PEP should also render measurements of

t,c,b

a at a comparable level of accoracy. There is practically no information avail-

t
able on a% for lack of a proper signal of the s-quark, and on a~ for obvious reasons,
,

Turning to the measurement of the vector coupling constants v

, there have beep very
few attempts in the past to extract them directly from data. Tnstead, almost always
regults are presnted ip terms of sinzau. It would be nice to have measurements of
vq The present status of the leptonic vector coupling constants 1s summarized in
fig. ¢4) where the product VeVy and vavy are presented from theomvnsuromonts At
PETRA and PEP energles. The forward-backward asymmetry at the Z peak allovs
measurements of the coupling censtant product agve as can be seen from eq. (2.7) and
df meagures the combinatlion tvﬁ + a?). Thus, measurements of A;B and of at the Zo

peak would determine agf and vy tndividually.

_1 4_

2.3 Weak decays _of heavy quarks

We ghall briefly review here some of the salient features of heavy quark
decays, which are relevant for studies at LEP and S1C energles. Im the standard
model the weak decays for heavy hadrons are governed by the Hamiltontan

Hy = i [ J 00 (o) + hec ] (2.20}
J2 + “H o

with the charged weak current given by

The leptonic and the quarkonic currefts have the familiar form:

1 . . - 3
2y (Fer S e J o (4o ] (0]
o

o d
R [ u, o, ] o [ 1 - vg ] v [ s ] : t2.21)
b

where ¥ is a 3x3 matrix, first written by Kobayashi and Maskawa for 3 quark
families,

It is customary to use the free quark decay model for the processes
+ -
Qraql vy, a1,

to calculate inclusive semileptonic and nonleptonic rates and 1*-momentum spectra.
The short distsnce part of the strong interaction corrections are then taken into
acconnt {n QCD perturbation theery. This glves two types of correctiens (1) genuine
Ctag) perturbation theory corrections to Tgp, Ty and (if) renormalization of the
bare Hamiltonian for the non-leptonic interactions, Hy; . We discuss the correct-
tons of type (if) first, The renormalization group Improvements lead to the molti-

+ 35
pileative rensrmalization of the operators 0 , glving !
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_JS_
: 2
cef _ CF D Py ” mom 2 aglmg ? m 2
HNE, = i [C+ [“Rs o ]0++C_ [as, ; }0_] (2.722) rSL:FOZI [0, m , j] I—‘M“f {_(1] ;voq'
q mng o mg 3 0n e}
with
. = r;:’ KSI {7.24)
- - - - & .
o, [ {Tvol(5v ) e (ru]) (50), |

aty
The coerrection factors of type (1) am! type (i1} for [y tegether give

where U{D) denotes the upldown)-type quark arrays and (ﬁDJL w1 yp(t - YD Iu the

Yy
leading log approximation, one has ' r -r E: 31Vq !2 v EZ I [ Mg1 Pgz Mqa ]
- o Al ¥ *
NI ¢ % 1, 2,1, g omg omg
12
2 2 33=2ng
c- = g (p Haglh, )
2 el 2 ( 2)
i c- .«
x[—+——-"] [1+——§—-"~Q--ho[0;ct]] (2.25)
cy = 1402 3 3 m
vhere it ts a reference mass scale and ng is the number of flavours (ng = 4,5, for
c,b and t decays, regpectively). Clearliy, the values of Ci are flavour tamd quark = F(O)K
as -
thass dependent). For A = 0.2 GeV, numerically ! NL L
codme = 3.7 GeVy = 1.7 172,20 -
G

where Ty = E
c. tmy = 5 GeV) - 1.4 192n
c- tmg = A0 GeV) = 1.07 The phase space factor I1(x,yv,2)} 1= given by
This is to be compared with the free—quark decay result oy = co = 1.0, Thus, for (1_2,2
the top quark, rensrmalization group improvements In cp are not very significant. Iix,v.z) = 12 j ,5 [ E - Xz - yZ] [ 14 zz - E] W [ £ xz YZ] W { 1 z? r]

{x+y)
The genuine Glag) corrections to the partial widths g and Iy have also (2.26)

hean caleulated. For semileptonic derays nne has the result
172 H ]

2 2

vhere Wa,b,c) = [ a - [ Jb + Je ] ] [ a ~[ Jh - Jc] ]
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and X,¥Y,2 = “=1,2,3.

312

For y = z = 0, the function L(x,y,z} has the familiar form

2 g & A
Iix,0,0) = gix) = 1 - Bx = 24x 1nx + B8x =~ x

In egs. (2.24) and (2.23), we have introduced the multiplicative QCD correction
factors Kgi and Ky for the semileptonic and non-leptontc decays, which represent
the cumulative effects of all QCD corrections to the widths. The phase space
functions gix} and f(x) are shown in fig.(§) for 0¢x¢0.5, which 1s the range of
interest for the t,b and ¢ decays. The functidn hq(O,ct), which enters the non-
leptonic decayé, has actually been calculated for mg, = 0 and so the quark mass
effects in the QCD corrected form have been approximated by the free-guark decay
expression. The numerical accuracy of this approximation has still to be checked.

a7
In the limit mgy = 0, the function h{0,ct} is given by !

4 2 2 2 2 2
z 3 19 o - © [+ ¥ ) - gt ) 204 psy t Copu
h(D,ct) = = (mo= —) + == ——g——p + 3 =& s And o g z (2.27)
4 4 2cy ¥ - aS(mQ ] 20, 4 o
vhera
[ 221 5 ] 1 51 19 ] 1
= -+ —n -+ - n -2
P 24 9 T 3 )b
[ 263 10 ] 1 [ 102 38 1
- = — =T n - + - A S 1] -
P 12 9 Tlm, y ") b,
33 - 2n¢
b, = [ ——— ] (2.28})
! 3

There is considerable amount of uncertalnty in the determination of
the renormalization constants ct because of the choice of the renormalization
scale p. A reasonable choice of p is probably the parent quark mass and all our
calculations are based on the assumption p = mQBB). With this cholce of p and
Ajs = 200 MeV, one gets Kyp(charm) = 1.46, The values of cg and Kyp for the bottom
quark for the experimentally allowed bottom quark mass rangeag’ 4.8 GeV ¢ my €
5.2 GeV are given in table 4. Typically Ky {bottom) = 1.12. The corresponding quan-
tities for the top quark in the mass range 30 GeV ¢ my ¢ 50 GeV are given in table 6,

Quite amusingly Kypftop) < 1, with Kyp (mg = 40 GeV) = 0.94 being a typical number.

The Otag) correction factor for the semileptonic decay Q + qlvy depends on
the mass ratio e /ey . For the charm quark decays, mg and Tc_have beentdetermlned
by the fits to the lepton energy spectra in the process e e - ¥ 31" x. This
gives Kgpt(charm) = 0.81. The corresponding K-factore for the CKM allowed bottom
decays sre given in table Sa for the mass range 4.8 GeV € mp € 5.2 GeV and 1.5 GeV
{ mc ¢ 1.8 GeV.

Typically, for the b » eclvy decays Kgp(bottom ) = 0.87. The corresponding
K~factors for the CKM supposed decays b + ulv) are shown in table Sb for 4.8 GeV ¢
m, € 5.2 GeV and 0.3 GeV ¢ m, ¢ 0.6 GeV. Typically, Kgr ¢b + ux} = 0.82. For the top

quark decays the semileptonic K-factors are:

KgL (mg = 40 GeV) = 0.83  for £ + blw)

i
(=4

.87 for t + slu)
and t =+ dlwny 12.2%)
The dependence of Kgp on me in the range 30 GeV ¢ mp ¢ 50 GeV is very mild
and we don't show it explicitly here. Howcwer, we have taken this variation into

aceount in caleulating I'ftoep) and the semileptonic branching ratio BR{t =+ ]:).

We remark that the QCD corrections we have heen discuszing so far pertain

to the free quark decays only. ilow ahont the final state interactionsz, Tike for
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+ 4.0
example the Interference effects8 discussed for the D decays , or otlier non-
41

spectator mechanisms, llke for example the annihilation mechanism ! importnut for
o
I decays? That these mechanisms are numerically important for the charm decays is
well established through the ratio of the life-times:

1(D+)

—u- = 2.0% 0.2

™D}

. 2y
and that of the semileptonic branching ratios

D+ > e+x +0 5
—g—F- = 2.3 0.1
D e x -0.4

We would like to argue hers that desplte the importance of the nen-speelatar
effects in the charmed hadron decays, their analegues in the bottom and top decays
are expected to be numerically unimportant, at least in the inclusive decay rates
and branching ratios. We briefly review helow the annihilation and interference

effects for the bottom and top hadron decays.

The annihilation of a pseudescalar mesen into & pair of {ermions is well
known from the charged plon and kaon decays, (Kt, 11*) 3 y*up, e*ue. The matrix ele-
ments describing the decay P + f, + Fz depend, due to the familiar helicity
arguments, on.the fermion masses m, and m,, and on the overlap of the annililating
quark wave functions in the pseudescalar meson. Thus, for the leptonic decavs

+
P * 17wy, the decay width 1s given by

4 N
2 1V¥poql 2 2 7 n
ALeL LI e, ] (2.30)

- t .
r [ P{=Qq) + 1 v J =G e, m I = =z
q 1 F an p Mpm| l

vhere VQq is an element of the CKM matrix and fp is the pseidosralar meson coupling
constant defined as

< OlaryrsQP > = 1fypPy, (2.30)
For the decays P 2 fth' the decay width is obtained from the expression

2 2
S G2 2 o2 g m )
Ftp » €,f,r = C fpmp (my + my) TA = . 77 (2,372
fn ) m, m,

-.1 9..
vhere the two-body phase space factor Ia{x,y} is given by

2

(x — vy

Igtx,y) = [ 1 - ——X ] AN IR I (2.33)
X+ ¥y

z

with A(1,x,y}? = (1-x-y} <~ 4xy and the factor C describes the dynamical details:
2 2 -
c=13 IVQqI 1V 5t for 'i»i':t -annihilatien P2 oquq,

2 +
= IVQq| for P =+ 17vg

—

2

qzI for W ~exchange : 17.340)

= = 1V I2 1V
4 Q1

The pseudoescainr coupling constant fp and the CKM matrix elements VQq and V, ,

are needed to evaluate the contribution of the decays P » f,f,. The constants fp a3y
have heen evaluated 1n a pnumber of papers using non-relativistic potential models ,
QCD sum rulesqq) and the so called bag models of hadron343}. In non-relativistic
potential models fp 18 related to the wave-function at the origtn, Wi3), hy the

expression

12
fp = ¥ = 190 12.35)
mp

- 3 2
where the (~q centre of mass wave function Wir) is normalized by f d riveryl = 1.

In surh models, $0) 1s governed hy the reduced mass

- ™Mg _
ot my

which approaches the light quark mass g for mq/mQ << 1. Henee in the non-relati-
vistic models ¥Win) approaches a ronstant value as my increases, which would predict

a decrease of Fp as

1
fpad —
I P
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with increasing my, Non-relativistic medels are expected to work reasonably

well when both the quark masses mg and mg are not small, like for example in the
B:, Tco and 'I'b:t megons, The relativistic as well as D corrections chanpe the
numer toal wvalues of fp, in particultar the latter correcd ions for xgw L:WV);T!;:
quark mesons are expected to be significant, like for example in D , D, B , B,
Tﬁ and Td* mesons. The present theoretical dispersion in the estimales of fp is at
least a factor 2, with most models predictipng the follwing values for fy tin the

normalization fnp = 130 MeV)

fp  ~ 120 ~ 180 MeV
fg o~ 130 - 220 MeV
fpg ~ 80 = 160 MeV
fp, ~ 100 ~ 200 HeV 2,36

Thus, most probably fg ¢ 200 MeV for the Bdo, Bui and Rso mesons, The corresponding
coupling constants fr for the Tz, Tg, T: mesons are expected to he aven smaller.
This would imply that the contribution of the W —exchange and annihilation dia-
grams in P 2+ fs?z would become rapidly unimportant as mg increases. We expect Lhese
mechanisms to contribute at the rate of ¢ 107 to the B decays and at a completely
negligible rate for the top decays. In this respect, the estimates presented in
this report are substantially different than for example the ones reported in

ref. (456}, where a much higher value fg = 500 MeV was used to estimate the decays

B » f,;z. Same of the two-body decays of the charmed and bottem hadrons are quite
interesting in that they provide testing grounds for the hadronic wave functions,
like for example fp ,and/or provide information on the CKM malrix elements V,J.

We will later presnnt an estimate of the hranching ratios for some of the tuo

body annihilation modes.

In what follows, we shall ignore the Ninxchnngv amj annthilat ion cantritbne-
tion in estimating the total widths of the bottom and tep hadrans, Likewize, inler-
ference effects are also expected to become numerically small doe to the Targe
phase space avallable in the bottom and top decays, while Lhe wave—{unction nverlap,
whirh iz the measure of Interference effects, ls expected Lo br esseptially
const.ant., The eftect of neglecting the non-spectator contribotion on Uy oon he
estimated assuming a model for the hadronic wave function. We =hall however not

attempt this here. Alternatively, one can get an estimate of the acouracy of the
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spectator model description of Inclusive widths by the predictions of the semi-

leptonic branching ratios,

In the approximation of neglecting W:cxchangc and interference contri-
a7
hutions, the total width of the bottom quark can be expressed as follows

25
b Ty 2
Mot = 192m° [ vbC} Ze * |Vbu| Zy ]

(2.3

The factors Z. and Z;; deprnd on the QCD scale parameter A, renormalization scale p,
and the quark masses mp, mg, my etc. With A = 200 MeV, p = mp, the dependence of
the function 7, on the masses mp and'm; is shown in table Sa. For the CKH allowed
decays and the mass range 4.8 GeV ¢ my ¢ 5.2 GeV, 1.5 GeV ¢ m, ¢ 1.8 GeV, the
funcrion Z. varies in the range 2.0 ¢ Z. ¢ 3.6, For the CKM suppressed decays the
dependence of the factor Z;; on the masses my and m, is shown in table S5b, It should
be empahsized that the value of the mass m; needed In the CKM forbidden decays

b » u + x 1s very probably in the vicinity of 500 MeV, since 1L is an Lnterpolating
mags for a welghted average of the hadron masses mg, m,, myp etc, which saturate
the 1 quark channel. Tn the next secbion, we shall discuss that a similar value for
m; is sugzested from the positivity of the‘lnpton spectrum, when one takes Olag)
corrections into account. In the range 4.8 GeV ¢ mp ¢ 5.2 GeV and 0.3 GeV ¢ my, ¢

0.6 GeV, the function Z,, varies in the range $.73 ¢ Z,, { 6H.55 and henee is quite

=Fkahle,
The semileptonic decay width can also be expressed similarly
rz 5
.h FMh 2 H
Fgr, = 78 [ |Vbc Lo+ |th| Ly ] 12,38)
192n

where the factors L, and L,;, like their counterparts Z. and Z,, for r?ot, 1omp the
effect of the (Hag) QCD corrections as well as the quark mass effacts. For the

quark mass range considered for r?ot , the functions L; and L,; are given in tables
S5a and Sb respectively. Since the present upper bound on the ratlo V), [/ )1V (s

already very stringent for the purpose of determining FgL and F?nt , hamely
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2
| ¥y | -2
b, ¢oavet

1Vhel

The numerical effect of dropping the 1Vh,| dependent term in eqs.(2.37) and (Z.38)
is negligible. The semileptonic branching ratio is given by the expression theoping

z
only terms of order Vpyl/1Vpet )

Ybu
Vi

2 1. Z
[ i ] ] (2.39)

L¢
BR(h + 1x) = — 1+
7 Le  Ze

c

The numerical values of the semileptonic branching raties RR{¢) are given in lable
Sa. For the qusark mass range considered, BR(e} varies in the range 13.27% ¢ BRCey ¢

11
15.87. This 1s to be compared with the measured branching ratios !

BR(B » xluy) = {11.7 2 0.6)7 at TiAs)
(12.7 + 0.R}% at PETRA/PEP (2.400

The measured numbers are approximately 157 lower than the estimates presented here,
This represents a falr description of the semiicptonic branching ratins =ince non=
perturbative effects certatnly have to be taken Into acconnt at this level.

o

The average life—time of the hottom hadrons has alao heen mﬂaﬁurvd“,
-12
T = (1.26 & 0.16)x10 sec (2.411

This information can be combined with the present upper limit on the ratio R and
eq. (2.37) to determine the CKM matrix element |1Vpol. However, as we have seen
there exists ~ 157 discrepancy between the theoretical prediction of RRe) based on

eq.(2.37) and the experimental measurements. Thougl Lhls Ls not a hig deal but a

gsomevhat preferred procedure is to use the measured quantlties BR(e) and wth) and the

relatjon
BRI

gy = t2.42)
T
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and use instead the theoretical predictions for ' . This needs a precise deter-
mination of the masses mp and m; , which can in principle be determined from the
lepton energy spectrum. We defer further discussion of this point to the next

sectinn,

We briefly discuss another method to determine the CKM matrix element Vi),
This invelves the decay Bt 2 TtuT . The formula for the width is given in eq.(2.30).

Numerically,

z2S
f 2 Gpm 2
re® 5 tugr 2 30 [ £ ] b, |th| (7.43)
mg 19Zn
which leads to the branching ratio
f 2z tVpu|2
o ()72
mp Vhe
BR(3 & vy = (2.04)

v 2
[ g * |"LIH Zu }
Vhe

\
using fR| ~ fq = 130 HeV and ’_DU ¢ 0.16, this leads tn an npper beund
! Yhe
* £ -4 ]
BRI(B™ =+ Tu.) ¢ 2x10 (7.4%)

which indeed is comparable to the present upper bounds on hadronic two body decays
+ 4
invoiving b » w transitons. The signature of the decay B" » t vy would be somewhat

striking. One would observe the topology
[ - -
7 bb #(R)jap *+ (B} et
4

Tuy

(D,F + nm,...) (7.6
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resulting in a very. asymmetric hadron energy deposition En the two jets, The jet
vith lower hadron energy deposition will have a 1* , which can be ldnntified either
through topology or in vertex detectors. An assoclation of such topelogiers with the
decays Bt > Ttvt however, would necd very extensive analysis due to the much more
coplinus process ]":t R T*ut and the semileptonic decays b o+ Cr—u‘, both tpvelving ri
in hadronic jets. This, hovever, can be studied with the help of the rxisting moente
carlo programmes. In any case the final states 1 x in Jets wikh I =e, p_ have

led to very important information in the study of weak interactlons; we belleve that
the final state ttx will certainly provide anobher useful tag on heavy hadrons,

*
and we would like to emphasize a good detection ability fer 1 x states.

Next, we discuss éhe decays of the top quark. In the CKH model the decays of
the top quark are dominated by the tranisition t » bx. The next allewed transition
t » sx is expected to have a relative branching ratio ~ IVtSIZIIVthI2 ~ IVbCI2 ~
3 x 10_3. and the twice forbidden transition t + dx is expected to give an inclusive
branching ratio of 0(10-4) or less. The present evidence of the top quark 1=s rather
sparse and the present determination of my allows a rangets, 30 GeV ¢ mp ¢ SO GeV.
We shall take this bound seriously and present ecalculations for m¢ in this range.

The total decay width of the top quark can be expressed as

253

Gpmg —
rEot s G (2.47)
192n
wvhere the redoced width Ft 14 defined as
TR E: it (2. am
1 1
and the sum is over all allowed decay mndes i. The part ‘ol predneert widbhe ;i ~an be
drfined just as the total reduced width T, namely via the relation
C2 5
GEm -
L N (2.4
192n 1
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The numerical values of F: together with the CKH angle dependence are shewn in table
T for the leading sixteen inclusive partial decay modes, invnlving leptons and
quarks. The branching ratios for all of these partial decay modes are alse shown in
table 7 for my = 40 GeV, Vpp = 0.997, Vio = 0.05 and IV 4qi/1Vept ¢ 0,01, These
branching ratios depend very weakly on my in the mass range 30 GeV { my ¢ 50 GeV,
and in particular the semileptonic branching ratio 1is very stable with RR(t 2 l+ux)
10.7%. The dependence of the reduced width ft on mg is shown in table 8, where the
factors Zyp, Zg and 74(2Zg) are defined via the relation

z
I (2.50)

=t 2 z
o= IthI Zp * |Vts Zg * [thl 24

The dependence of ft on mg as shown in table 8 1s also rather mild. Note that for

L
mg = 40 GeV the width rtot

electromagnetic and strong widths of the bound topoenium state 0(Lt). The large width

= 17.2 KeV, a number already comparable to the combined

of ont and itz rapid rise with mg has several important phenomenonlogical consequen—
ces for the search of bound toponium states. This is the subject of the faponion

ztudy group to which we refer for details.

There are several remarks that we ﬁnuld like to make here about top quark
decays. Top quarks are coplous sources of tau leptons: BR(t -» br+u1} = 10.5Z. In
addition s8ince b decays also involve tt leptons with a branching ratio BR{h »
cr-uT) = 2,57, one expects an inclusive branching ratio BR(t » r*xl = 137, Stnce 1T
can well be tagged in a good vertex detector, one has an additional method te tag -
top quark decays; * at a large angle frem a hadronic jet arc not expected from
background processes, In particular, the processes b - Ttux wniild lead to tt with-
in the jet. Next, we note that the dominant decsay modes of the top quark are ex-
pected to result in the inclusive states t 2 1tx(1 = g,p). This is ebvious from
table 7 and the fact that in almost all decays a bottom quark will be produced with
large energy, the subsequent decays b » 1'%, as well as ¢ - 1+x, 11* ltx decays
will result in a very large inclusive branching ratio for t = lix. In fart even the
decays involving dileptons £t -+ ltl*x are exprcoted to be quite significant. The di-
lepton (e + p} branching ratio for the decays t 3 lilxx is expected to be ~ 147!
This provides another very useful sigrature for detecting the threshold of the top

quark. HWe give in talile 9, the branching raties for the inclusive flnnl states t 2
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+
(ni ¥x far n = 0,..,5. Of course, the actual measurements would depend o the Tepton
detection efficiency and we rdon't attempl to malke a guess abont them, sinoe debaided

49

monte carlo programmes are available which can be used at LIT vpergics to estbimate

these effieciencies.,

N
We would especially like to emphasize here the decav mode o 170 w0 whieh

+
i5 expected to recefve contribution from the decays b o2 Bl v + cleogpe o o
\
N 1
Since one of the Teptons l.e. from 'he casecade by w5 vy will b vers ot
P

will probably not contribute very much to the meamwed proce=s tor 1710 de e

shall discuss later, we do expect substantial weak mixings tn the Iy RF S bt

which should also show itself indirectly in the decays of charged top meions
tes) » b1ty
|
- +
By « Bg » 1 vx

.+
leading to enrrgetic 171 x. Thus, it 1s extremely impmtant te have a good

*
measurement of the energy of 17 amd its charge.

2.4 Semileptonic decay distributions of heavy guarks and hadrons

The interest in the semileptonic decay distribotions of heavy goar e e
manifold. The shape of the lepton energy distribution is sensitive to tler Michel
parameter, py, which for example has the value py = 374000 o the slandand
V-A(V+AY current, in 11 s IiujvT (1 = e, decays. The shape of the ]i spectpam
in the semilepteonic . decays of heavy quarks G - qltp] i« then by analogy with pﬁ
and *(:t decays also sensitive te the chirality of the charged weak current, Prpori=
mental measurements of the fnclusive Tepton energy =pectra for the charmed and
bottem ladrons have led to the validity of (V-A) currents of Lhe standasid model
for ¢ and b quark sector. In addition, the lepton encrpy spectrum in the decavs

Q + qlv; is sensitive to the mass of the decaying quark, mg, and to the ratic LATLTE
In particular, the peak position eof the distyibution dU/dE;, denoted by r?nnk is

k4
sensitive to mg {lo a Jesser extenl also on mq/w)),ruuiihn vl poinl 10 - speet o

A

to Lhe ratin mq/mo. Precise measurement af dI'/dE] then ias a goud melhml to determine
bolli mg and mg, and the relative strength of Lhe CRM allowed and snppres=ed tranzi-
Vions. We shall review here some of the poipts tnvelved in using the inclusive leplon
spectra for determining mp from the top quark decays and the ratio Vi /Vi,e in the

hot tom quark decays.

+
[n quark-parton madel, the 1 -energy spectra in aemilepltonie deeava of
eavy hadrons are calculated in the free quark deray approximat ion from e procese
+
Q » ql wp. The normalized leptun cnergy dist ribut ions are well kuovn tor oo ool b

50)
decayvs

1 4dr H ,
- — = (xy,r
Fo dx,. I''q .
12 2 1 2 )2
X - X] —T
= S S E L {for o anidl bt decay=) (2.5
(1‘)(]_1
2 2 7 -'
2% 1y T X1 D v g [ ; ][ 1 2 1 [ - }[ L4 ? )
= - ] - - X -r - X% + A ¢ r - X
(4 = xq) 1 q 1 1 q iJJ

(for b decnys)

wherr 2y = 2F1/m0 N i mq/nn and To is the semileptonic decav vidih in the free

qrear kodeeay mode ]

F? 5 -
SIS v 17
-5 Z, I\Qq| L(mq/mO)

¢ yazp q

; . : max
The maximum of xq is given by: %y

1 - rr]2 , which, for example, has Dhe
values 0.87 and 0.99 for the b + ¢ and b 2 u decays, respeetively, for m, - 8 e,
me. = 1.8 GeV and m, = 0.5 GeV. The corresponding values for the top quar ko devavs

t o+ bloy and t o+ {8,/ Tuy are ~ 0,984 and ~ 1.0 recpect [vely Tor 40 CeX, The
diflersnee Ax?nx 2 0,010 translates Into ~ 300 MeV o in AP for Fy = 20 CGeV, for tep
Aecovs vith mp o« 40 GeV. Thus, an experiment al It energy resoluat fon in Al: of

t
Better than 17 1= needed to measire the differenee dn the 17 end podnt enern
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spectra in the decé?s t » blv] and t * (s,d}Ivy. This circumstance by itself puts
enormous limitation on the feasibility of measuring the ratioc of the CKM matrix
elements |Vg/Vipl, more so since one expects IVtH/thl2 - 3x10'3! Givan enough
stat.istics, it certainly iz doable but in view of the rates for tap praduction, the

pealk
1

prospects are not very encouraglng. The quantity x is senstlive o the mass mg,

and in the free—quark model it is given by the expression {for t decays)

2 172
xpeak - (5 -r1rg) - (1 +14rg + 1 4!

1 6

(2,53

— 2/3

rq* 0

This correspends to Efeak = 10.71, 11.03, 11.35 GeV for m. = 40,A1 and A2 GeV,
respectively. Thus, an experimental determination of ETnak within * 0,10 GeV will
determine mg within £ 0.5 GeV. Of course, this 18 a somewhat ildealized situation.
The experimental distributions depend on the lorentz boost (and hence on the
fragmentstion of t quark + T-hadron), on the pealarization of the top hadronsSl),
and on their hadronic wave functiong. Im addtition one should take {nto account
perturbative QCD corrections. The Ofag) c&rroctions to the inclusive lepton
spectrum §n the decays () » lix have been calculated and compared with the data from

(43}

t
the ¥'(3.77) and Y48} decays. In leading order QCD, the 1 cpergy distribut ton

for the standard V-A currents can be expressed as

-1

14U 2 2o m gt

ey ‘qul H[ X1.Tq ] + A h( X1,Tq ] (2.54)
T, dx; 4 n

vith the normalfzation

Xmax

f h{ x].7q ] dey = -r[ rq ] - (2.55)
[

where f(rq! 18 gshown in flg.¢8). The function h(x],rqi i= An general a complicated

function for rg ¥ 0. For rn = 0, it has heen ealculated analybieally by Cabibho el

f -29-~

4 £
al ! for c—-quark decays and corbe ' for b nuark decays. It was shown in ref. (4)

that the normalized distribution

R15

is remarkably stable against 0(ag) radiative

=i

1

corrections for mq/mQ # 0, which is the c¢ase in the dominant decays ¢ » s, b » ¢,

t » b. The endpoint spectra in the decays b » u, t » s,d however become negative in
0 :(aS). The remedy of this 1s elther to exponentiate the leading terms for the end-
pnint spectrum, or else assume that the effective mass of the u and d quark is not
zero but of 0(500) Hqu) . For such values of my, my, which scem to be very reason-
able, the normalized lepton energy spectra are also very stable for the CKM
suppressed transitions. We shall not show the QCD corrected spectra here since they
are practically indistinguishable from the uncorrected ones and refer to refs. (4}

for relevant comparisons.

We would like to point out here that precise measurements of the ltvenergy
: .- -
gpectra can also be used in the continuum e e production, e.g. in the processes e+e
4] -
+v,Z > hb ltx, to study the CKM suppressed decays b » ulvy . The interesting dis-

tribution in this context 1s the transverse lepton-womentum distribution,

1 do

a dei

, where x % = ZP} /¥8 1s measured with respect to the botton jet axis. Since
the angular radius of a hadronic Jet'shrinks with increasing Jssz] , one expects
fairly collimated bottom quark jets at LEP/SLC energies. Thus, errors on the deter-
mination of jet axis are not expected to pose a severe problem. We quote here from
ref. (80) the corrected expressions for the normalized transverse lepton—momentum
distribution, measured with respect to the parent quark (jet) axis in the decays

Q > qalvy,

. Ho ™%
1 dN fipr o)
-1 = of (dp..) Jax Hix,vq) (2.56)
N dp, FLITN TH ETH x 4
Pr H min
X
where
2 2 172
x = Pg+ P, E ¥ - [ P no, mH ]
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min _ z 2 2
(PT )” = max.{ O,(PT1 A my )IZAPTI ]
1“‘“‘:(!))[(?:-(?:]
T1 T H TH
z
% mep

1 2
A== (1 -rg)
A

25T

L [
mo gfrq) L0's] g(rq)

32 192
[ ] for (b; c,t) decays

Here H = Oa is the heavy (decaying’ hadron and f(P?) is an intrinsic P¥
distribution function, usnally taken as a gaussian. The functlon Hiyx = P« Pj, Yy ©
mq/mQ? is given by the expression in ecq. (2.51}), for ¢ and t decays, ami eq, {2.52)

2 [ f "
for b decays, and the function g(x)} is given by gix) = 1-Bx - 24x lnx + 8x - x

. 1 dN + -
The ‘measurements of the distribution = ——-r in high energy e ¢ expreriment o
N de
have led to the determination of branching ratios for b » Ix, which are i pomd
53
agreement with the measurements at the T{4s} ). Present bottom had o stoat st ios of

PETRA/PEP i= typically an order of magniturde smaller than at DORIS npd CLSR, and Lhis
fact therefore has limited the scope of the PETRA/PET experimenls in svtting a mean-
ingful Timit on the quantity Vy,/Vp. However, with an expected ~ 106 bottom hadrons
per experlment per year at LEP, detectors having good lepton energy resolutions

would be very competitive with experiments at DORIS and CEGR.

1 N
With this possibility in mind we show the distributions - -7 ¥Fram fhe
N dnT
decays b » cl_ul and b u]_vl in fig. (R umime o ooy crnn o st hae e i)
(p?) = 400 MeV, o number suggested by the presient T e B e e P

the p} ~distributions depend on the choice of the lntrinﬁwr—p$ Fanet v ed fee
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the quality of such measurements i5 not quite the same as the ones from the T64s)

bh - Itx decays. It should, hewever, be pointed out that the function ffp;) is .
mrasurable jndependently in the same experiment, hy for example measuring dn/dp_F:_’R
and this would eliminate the uncertainty in discussion. A word of caution about the
relative normalization of dN/dP} tha/by) An an experiment; it is given by k

¥4
C VL Vhe! glrg)/gdr) dn the quark parten medel )
2.5 Top quark polarizatien effects

In the preceding sectlons the effects of the heavy quark polarization on
the production and decay distributions were neglected, For charm and bottom qoarks,
the palarization effects are expected to be very small siner 1t §s predominantly a
pseudnscalar meson that eventually decays weakly. Clearly, the spin=1/2 nature of
the quarks leading teo a (1 + rnszﬂ> distribution for the quark jets is still main-
tainrd but the heavy quark decays isetropically in its rest frame. The distributions
measured in the processes e+e- > c;, bh =+ 1ix, htx are In goeod agreement with the
assumpt ton of aeglecting the polarization rffects in the weak decays of the o and b

quarks,

This assumpt lon would st11l be correct if the top guark fragmental jon pro=
® o +
cess t > T,T , + x were either dominated by the psewlozcalar top mesons 7, 0 Ty
*
ete, which is semewhat unlikely, or else 1f the vectnr wesan T decaved vin o Tectyoe

.
magnetic ar strong interacticns leading to T Ty, Tu, wha b o

R

1.
Vi

the case for D' and R. decays. Howeveir, thic Iabtber seesnr o s s ve
sinece the hyperfine spliltting between T and T' is oexpeoted Lo be very small and Hhe
M1 tran=ition rate F(T. » T+ v) wonld became miuch smaller comparesdt to the veak deeny
widLh F(T. 4 BX)SW). This certainly would bhe the ecase for the top gnark with m 3

30 GeV, This means that the polarization of the top quark will result in a polariza-
tion nf T‘ and, through the parity violat {ng weak decnva of T., will Be wvicchle dn
the energy and anpular distributions of its decay products. Tn addition, for the pro-
eSS 9+F‘ B T"Sz!f‘(ﬂz) + %, one expects spln-spin correlatjon ef fects, Teading to
some coherence In the fragmentat ton of top gquark jleqh)

1t 4w evident from thig disenssion that an sadeditional paooameter, aamely the
degree of palarizat fen that surcives the fragmentat top process, £ vondd be needed

ta compare theoretical distributions with Lhe data on top quark prodnct ion and
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decays. Of course, f is 2 prieri not known, but it can be determined by a gingle

measurement, The data from the top quark decays then should he compared with theo-
retical caleulations including polarization effects, with the depelarization para-
meter f. We shall discuss the t-polarizatien &ffects both in production and decays,

berrowing calculattans reported in refs. (56} and (37).

Top quarks will be prorduced in e+eu annihilation with a high degree of
polarization. Defining the t quark pelarization vector 3L = P, Pr, PRy, one has the

57 3A)
foliowing expressions for the Lhree components

1 2 -4 2 2
po= ;{ [ 2w ag B (1 + cos 0) + 2 r. (vp +ag B orosd ]
1

my 1 . 2
- = [ 4 sind (vy ag B cos® + ry ag ] (2.58)
ny Ny

Neglecting y-z interference and QCD loop corrections the vector 3t ties 1n

the t-production plane, i.e. its normal component Py vanishes. In eq. 12.58), the

finctions N, and 1, are glven by

z 2 2 2 2 2
Ny = (vy + ag ) B (1 + cos 8 + Zvp (U - B+ drg vp ag fi cosB

2ve Ap
re = % 2
{ve + ag !

(2.5
I V4
B = (1-4mt /=)

where aj, vy are given in table (1). Both P| and Py are sensitive functiaons of mp.

For my net very close te m,/2, Py ts large, negative and anly slowly varying with 6.

The transverse component P has a strong forward-backward asymmetry in 0, Poth com-
ponents are displayed in fig. (T} for mg = 40 GeV. Averaged over the polnr angie,

P> and <Ppd> are given by
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2via
G - L Zveah
. N,
3 2
T Mg TaV
P> = — et (2.60)
T 4 iy N,
—5 0
Fre = 0
and the function N, 1s given by
2 2z 2 3 2 2 ,
N2 = (vy + A R+ 'Z'Vt (1 ~ g (2.61)

The quantities <PL> and (P> are shown in fig. {8) as a funciion of 45 for mp = 40
GeY and the values of the standard model parameters corresponding to set (1) in
table (2).

The component of t-quark pelarization normal te the t-quark production

lane , pets A non-zere contribution from interference betueren non-real 7 exchange
p s PNy F C |4

59)
and real v exchange amplitudes , and between Born amplitudes and non-real vertex

OCh corrections. The relevant Feynman diagrams arve shown in fig. (9. Writing

PN = PntyZ) + TiQm (262
one haz

16na ol mp
PytyZi = = —=z—— —=x= 2 Bsind (Q, a, Q¢ ag)/N1 (2.6

Gpmy /242 Q4

where Qnt0¢) is the eleclric charge of the eclectron (Lop quark) and the normali-

zation Nt is given by eq. (2.59)., The PytQCD) part 1s given by

Part _ Gg e o [ 2 R 2 2 . 2 2) N (2.6
Niocm = - 3 JQZ sin [ v, *toa vy B cosB® + 2Zvg 8 vi ap (2 - B } / N1 2.64)
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The dependence of Py on 8 13 also shown in fig. (7). The numerical value of Py is
very small for all values of @ and 1t is not geing to be easy to measure it. The
effects of heam polarizatian on Py have been studied in ref. (GT), vhere it is shown
that both Pytyz} and PR(QCD) are dramatically emhanced fer longitudinaliy polarized
beams, though in angular reglons of small production rate. For this reason we don’

show them here,

The measurement of flnal state correlations among leptons amnd jrlz regui-
res the knowiedge of spin—spin correlations between L and t. Dropping torms of

2
Otrp,) (=0 for sin 8,=1/4), one has

dots,s) do 1 o _ .
an T [ I+ bysy * bysy Y hyysysy ] (2.0

wherr the coefficients of the spin terms are given by

4my.
by = - —az apvi [ (1 - BeosOiky, + (1 + BcosBIky, ] / Ny
- ) 4mt
by, = —67 Apvi ( {1+Bcas@ik), + (1-Bcosflik, ) /N,
2 2 2 2
byw = [ (vp - ag) B {1 - cos Oig,
2 22 ' ' 2
- 4(\."{_ = B ap? (k“ku + k\,kp) fQ
2 2 ' ! 2 "
- Alvp - a) Beos® (kky, - kylgp) /0 ] /Ny [P ey
where Iy, and Kk, denote the A-momenta of the tnitial state election nud pocition, In

the preceding section we have presepted detailed distributien based on the unpalari-

zed top quark. Including the polarizatien of the L quark, one has

dres) = dl'e1 + cps”! (2.6T)
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vhere o is the differentlal width for unpolarized t-decay. Restricting to the
+ 57)
semileptonic decays £t » bl vy, one has)

2 2
Cpm x1{1 - xy = tmp/my) ixy dx),dQ
ar - 1‘[ L~ b l Al (2.66
128n [1 - tmp/myt - (mp/my) (- *h’]
The vector ¢ can be chosen for top quark as
1 [ 1 1 ] (2 B
p = - P, T oD 2B
Y myp bxp M2
and for t (renys
: 2 [1 L ) (2.70)
FoE - — - = -
x] PL, 75 Py,

Mg /2

The treatment of bt produrtion and decays so far is in clese analegy with,
for example, the one for the process e+e_ + T+T_ R }tlxx, 1th:x discussed in
ref. (61). The essential difference here arlses from the imknown mixture of top
hadron polarization states surviving fragmentation effects. The aclual cross section
is n weighted average of configurations in which both top quarks are depolan tend,
b oor L ois depolarized, or no gquark 1s depolarized, This will happen, for exanple,
for the configurations TTX, tTf‘ + T.flx anit T‘T.x respeet ively, Asmuming Lhat s
polarized guark with s, = #1/2 will convert into T.(sz =1y, T'(Hz -0y, T’fqz =11
andl Trs = 03 with relative weights 2:1:0:1 would give £ = 0.5, The combined effect

of production, fragmentatien depolarization, and weak decays can then be expressed as
- _ - 2 = -

daginay & dg Dy DY \ 1 f [blJ eyt b]_I cpl + f bpu L“Cv! dlT(e)drit) (2,71}

where Dy (DE? §s the top quark tanti-quark) fragmentation funct.ion, usually para-

62)
metrized by the Peterson et al. function

"Nr!:t /om
D z) ~ ————

2
z[ R S S J
z 1-2z
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2

€~ 0.15(me/my b datete” >t o Ho - " .

z = 2Ey/ s = D {9,z} (2.74)

dcos0dz dcogd F
To show the kind of polarization effects that are expected at LFP and SLC
energies, we show from ref. (57) the effect of varying the £¢ and f parametcers on vhere, in the coherent picture, the fragmentation function is given by
the primary lepton energy distribution in the process eTe o zo w1 ot 1 figs=.
{10a’)...(10c). It 15 clear that the effect of varying €t in the region o ¢ £4 ¢
10“3 an dn/dE: is not very important, however this distributinn ts rather sensi- DT 8,z) = f dx Z: HXX (tt -~ Hx} p{e’, ) H. . 12.1%)
xVH vpv'p Myv
tive to the depolarization parameter f. Tn particular, the end-potot spectrum ts Xy
dependent on f in a measurable way. This is a complicatien worth remembering 1f vu '’
attempts are made to determine the CKM ratio Vig/Vip from precise measurements of
the end-point spectrum in the top quark semi-leptonic decays. In fig., (10c), the Eq. {2.74) describes the Inclusive cross—section for the production of H in tt » Hx,
combined effect of the variations on ¢ and f on dd/dElt are shown for two values of starting with a tt gystem whose spin state 1s described by p(tF), which is a function
my = 42.5 and 37.5 GeV. We note that quak, which we recall iz a good measure of of #, hence the dependence of DS on 8 and z. It is easy to show (in the approximatton of
m;, though somewhat smeared is still rather sharp. Thus, polarization effects on reglecting pg ) that the coherent fragmentation function is given by the express-
the lepton energy-spectra, though by no means small, still leave thr shape sensi- 1nn37’
tive to mg, and a good measurement of a%?; coitld allow a determination of my to
within 1 GeV. The measurement of my through lepton energy measurements is also D: {6,z = f dx Z;x { (1 = 2 pyyes) |“kxx+'|2 + 2 Passs {IHx\x++|2
studied by the working group on toponium at LEP. :
We will conclude this section by-a brief discussion of colerence piffcts + Re Hxxx++ Hx;x__]} 12,76
in the production of top quarks, which are absent for light quark process e e =
¥,z + qq * 2jets, The coherence rffects in the tep quark fragmentation would where
reveal themselves in a production angle dependence of the fragmentation function, 2
quite contrary to the common incoherent approach. This can be seen by introducing Press = E Sinzg i [ Qz + EE 'Dz|2 VE (ai + Vi)] (2.77
the heliclity density makrix p(tE) for the process ete > ¥,z Gt N s £ B
v 1 L 2 2 2 2 2 2 2

Popw 2 z;,kz Topn,n, Ty 1A, (2.7 where [Nyl = s /[ts +my) +my, Tz ]

For light quarks, Pssss = 0 and so the fragmentation function Dv (0,2) has ne O-¢le-

Here T is the helicity amplitude calculated frem the Rarn diagram shown in pendence, recovering the usual Incoherent fragmentation pieture. To have a detailed

fig. (11), where the deflnition of belicities can alsn be seen. The comdition Trp -1 prediction ane should know the nop-perturbative function M\\x*' , H\\Xtt etc.,

'
fixes the mormalization N . The cross-section for Lhe inclusive production of a top which, for example are functions of £ and the depolarization parameter f for the

hadron 1s given by modr]l we discussed earlier.

1t 1s obviovus that detalled predictions of the colierence effects are model
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dependent. However, it is possible to get firm predictions for exclusive final
&

+ - - -
states like for example e e * ¥,z * TI, TT etc. In particular, one has

—* 2
lee »TT ~ (1 - Zp++++)|1101_+l

T o+~
Dt

T. + - - 2
Dt {ee 3TT) ~ Qpiess 1”00++'

The quantities 1-2Zpssss and Appisy are shown as functions of & in fig.
(12}, which serves as an example of the t-quark fragmenlaticn dependence of 0, The
effect that such angular dependence can have on some of bhe physleal observables
could be dramatic., For example, the forward-backward asymmetry A;B (0) is zero for

+ - = + - *
the exclusive state e ¢ = TT and gets enhanced for the exclusive state e ¢ - TT ,

+ - -
compared to the A;B (0} for the process e &« 5 tt. This is shown in filg. (137,
Measurement of these effects would constitute a test of the spin—spin effecls of

top quarks in hadronic channels,

3. The Cabibbo-Xobayashi-Maskawa Matrix

The flavour mixing matrix V, relating the eigenstates of the quark
masses to those of the weak currents JE in erq. (2.21) can be symbolically
written as !

1Vud VYus Yub
V=1Vdq Ves Veb [SC8
Ved VYes Yen

64
There are various parametrizations of the matrix V abailable ), involving three
angles and a phase. The flrst of these parametrization, glven by Kobayashi and

129
HMashawa , has the form

oy =%,Cy " =S, %, "
VM =] 8,03 clczca-szsaemKH C1r233+szca“]6kﬁ (3.2¢
KM - KM
548, C18504%CC,¢ 18837 CC"

where ¢iis) = cos0((sinf®;} and dyy 13 a phase, inductng CI violat ton. Despite its
1'% 1 i KM P | J

ploneering character, there i1s a general feeling among the practitioners of weak
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interaction phenomenology that the Kobayashi-Maskawa form, Vigy, 1s not particularly
handy in the apalysis of experimental results in terms of simple deductions of the
CKH angles. This is obvious from a comparigen of eqs. (3.1) and (3.2); only the
measurements of the matrix element Vg can be directly transformed inte the
determination of the CKM angle 8,. All other elements invelve functions of at least
two angles and some involve all the four CKM parameters. Nobt surprisingly, almost

all quantities related Yo the elements Vo, Vep, Veg, and Vyyp directly or indirest-

1y have an involved dependence on the phase &gy, Fxomples of encls behaviesrs are

] -0 '

K - K mass differences, the CP vielaling parameters ¢, o, mixing paramelers in
Lhie neniral battom meson sector as well as CP vielabtions. In several of the coawes

mentioned above this is an unnecessary complicatien and can be avoided by a more
judirious choice of rotation axes and quari phases. One can make use of the recent
measurements of |Vpo| and the beunds on 1Vp,l to write murch simpler and practical
parametrizations of the matrix V. We shall discuss some popular alternative
representations for the matrix V in aﬂwhlle after discussing the presant

experimental status of the Viy matrix elements.

We list here the matrix elements governing the 2x2 (d,s) part of the matrix V.

They are taken from a recent compilatien in ref. {(64) (see also refs. (RRIY,
1Vyqi = 0.9735 £ 0,0015 ' (3.3
¥l = 0.231 # 0.003
Vgl = 0.24  + 0,03
IVesl = 0,85 £ 0.15

The matrix elements 1Vl and [Vp,| are the focus of very intense experimental
resenrel at the existling e+e_ machines. As we have discussed in detail in the
preceeding sections, the most optimistic place to measure |Vy,,| 1= in the analysis
nf the end-point lepton energy spectrum (equivalently transverse lepton energy
apactrum) . The present best 1imit on the ratio |[Vn,/Vpel 15 from the analvses of
the process PR Teasy + BR » 1*xn’. Unfortunately, the 120l of the Tepton energy

apecbrum is sens{tive to the bottom hadron wave function and the sxtract fon of
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| ¥bu/Vbe! at present iz a model dependent enterprise. Probably, the present best
- . 67
limit on the quantity R 2 T{bsulv)}/I(brclvy) is !

R < 0.08 (90 % c.L.)} €3.4)

cbtained by analysing the events with the mass of the hadronic system produced with
the lepton, my < 1.0 GeV. Analysing the lepton energy region beyond the b + clvy ki-
nematic limit gives R < 0.083). Theoretical models used in such analyses are by 1o
means exhaustive or compelling. There 1s rertainly a lot of experimental and theoro-
tical work to be dene to get out [Vy,/Vp.l from e'e” data. However, it is ohviouns
from egs. (2,37} = (2.39) that the upper hound R < o0.08 already pushes the contribu-
tions of the b + u transitions below a stignificant level in the semtleptonic decay
branching ratics and life-times for bottom hadrons. This fact can be used (and has
been used) to determine the matrix element |Vp.l from the measurements of Ctp> and
¢BR>gr,. Using the relation

BR(1)
rgL =
8

the QCD 1mproved expression {(2.37) for FgL and the measured values for <1g> and
BR(1) one gets
+ 0.011
1¥p| = 0.050 £ 0.002 ) (3.5
- 0,006

for mh 4.95 + 0.04 GeV and m; = 1.65 + 0.05 GeV. Wn.havp discussed the dependenre
of rSL on my and m; in detail in the preceding section and will not :Pfﬂnf the
arguments here. It seems, however, safe to deduce that the present e ¢ experiments
glve

0.04 ¢ [Vpe! € 0.07 {3.6)
using R ¢ 0.08, this gives the upper bound

[Vpy! ¢ 0.01 : (2.7

This ts roughly a factor 2 worse limit that nne often sces in titerature, which are
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based on much smaller values for R. The matrix rlements [¥hel and [Vp, ] are so
small that it is possible to predict the element [Vl to;a precision better than 2
p.p.m., with the error dominated by the one on |Vpe!l. Unitarity can be used to
predict the range of all the rest of the matrix elements of V. Thus, the pregent

knowledge of the CKM matrix can be summarised as follows

0.973 £ 0.001 0.231 £ 0.003 < 0.01 (3.8
V =[0.24 £ 6,03 0.85 £ 0.15 0.055 ¢ 0,018
< 0.04 £ 0,06 0.9992 > Viy, > 0.9975

We would like to point out that the errors on the matrix elements 1Veql
and 1V.gl are still quite large to make more definitive statements about V¢4 and
Ves and we have used the safer preqent limit R < 0.08.

We shall make a digression here and point out that in particular
theoretical scenarins it is possible to relate the matrix elements Vyy and the
quark masses. For example, it was pointed out by Stech i that if the up-quark mass
matrix My, and the down-quark mass matrix My have the form

T
g = MY : 3.9

H,
Mg = HJ = aMy; + A

where @ is a constant and A is an antisymmetric matrix, then one can show that

m, = T + m m
@=-d—2s > Th (3.10)
My — B + mg my;

2 2
Vgt % mg/mg = (0,055)
. 2
Voal & mg/mp — mo/me = (0.23)

The predictions and pestdictions (3.10) are in remarkable agreement with the
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exper imental measurements and someday may eventually help ta dizentangle e
complicated structure of symmetry breaking giving rise to the quark matrices M,
Mq. While still on the trall of theeoretical speculations, one should remark that it
is possible to predict the ratio IV, /Vpl 1n specific models for guark mnss
matrices, For example, In the geperalized Iritzsch mndn]ﬂo) Fhe quark mass matpiees

70y
¥, and My each have the form

My = e Ry e F - [I\OB (L

wliere A, B, C are positive constants and Xy and py are some phases, The matrix
elements of F can be written in terms of the quark masses

172 . 172
AF (mymy) , B & tmymg) , CEomy (mg 2> my 3> my) (3.1

70 T1)
One then has the prediction '

Why/Vpe! = [Tﬁ] T E 1716 (an
Mex
for the quark masses my = 5.1 Me¥ and mp = 1.35 GoV, taken from ref. (72), This
predicts 1Vp,! = 0.004, vhich ts a factor 2.5 smaller than the present 1imit given
in (3.7). It has been argued in ref. {70} that both the Stech and Fritesch mass
matrices can he made compatable ta each other. Confirming f(or ruling out) the
prediction (3.13) is probably ene of the tasks of the LEP experiments. Seen in this
perspective, precision measurements of bottom hadron decay properties ts an

enormously rewarding enterprise.

Returning to other parametrization of the CKM matrix, Vv, there are two

73
which deserve special mention here. Wofenstein ! has observed that the matrix
elements V44 show a certain pattern, which suggests a perturbmtive expansion of

the matrix elements. Defining IV,gl = cosfg Z %, one has numerically

_[l 3._

N = 0,23 (a1
2
[Vhel = X = 0.65

<]
I¥hy! € X

a
Then, rxpanding Vij in powers of X and keeping terms upto 0(\ ), one has a

perturbative form for V

1 2 3
1--% X AN (p - i) 1315
2
1 xz A\?
VWolanstein o 1 2
3 2
Al -p-~1m =AM 1

The present experimental information then gives {for R < 0.08)
A = 0.23 (3.16

A=1.0%0.72

2 2
p +n < 0.685

For R < G.04, one would have p2 + nz ¢ 0.30. This parametrization has the simple
features that (1) the elements Vi,g and Vi have the same interpretation {to 00N
as in the (2x2) Cabibbo-GIM matrix J, €11) IVopl = |¥pg! and (111% CP violation
enters at Otka). Of course, the ansatz eq. (3.15) is a very convenient construct
for analysing experimental results as we shall see bhelow. Any deeper theoretical

understanding of the pattern (3,14} 1s not at present available,
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75
Another representation of the CKM matrix is given by Gronan and Schechter

which, to practical. accuracy has the form (c ,{(=8,,) = cos0,,(sind,) etc.).

1 1
Cyp slzc¢‘2 3133¢|3 (3.17
-i¢ 14,4
VGS =l -5, 0 12 Cyp Spqf
-i$ 14y, + don) =1
“5,97 113 + 5 5,00 P12 23 Spgn 123 1

Here the three mixing angles coincide with the measurable transition amplitudes
Se2 = Wygl, Sp5 = [Vepl, 855 = IVygpl. The physical CP nonconservation is measured by
74

the invariant phase

¢ = 12 * d23 - o (3.18)

All CP-nonconserving amplitudes are proportional to [VygV pVyplsing., For fixed values
1Vygle 1¥ep! and 1Vyhl, the CP non-conzerving amplitudes will he maxinized for ¢l

= n/2. Using the freedom in defining the quark phases one can rotate away the phases
4.5 and dp5 in (3.17) getting

16 q
Cyz B2 S(a® ot
.
Vog = “S12 iz %23
-14
$412%207%13 Sz3 1

vhich is very similar to Vy,ifenstein- We shall use the form (3.15) in discussing
our results. Seme other representations of the CKM are discussed in refs. (T1) and

(76},

We would like to end this section with some remarks on the potential of LFP
experiments in measuring the CKH matrix elements. Judging from the present safe 13-
mit R ¢ 0.08, one may need an order of magnitude larger bettom hadren sample than

presently availabin to measure the matrix element [Vp,} ab a level [Vp,l = 0.004.

This may or may not be avallable by the LEP turn on. With an anticipated 106 bottom
hadrons per year per experiment at LEP, it should certainly be possible to test

this limit. We havé'already stresgsed the importance of having good lepton energy
resolutior in this context. Measurements of exclusive bottom hadron decay modes

Bt - tth , B+ am, pn, 3n, Ay etc.vT’ may also help, though the interpretation

of data would be somevwhat model dependent. Compared to the experiments at DORIS and
CESR, the experiments at LEP have an advantage and a disadvantage in the recon-
struction of bottom hadrons. Simce the bottom quark and aptiquark jets will be sepa-
rated at LEP enrgles, the problem of cross-over of the two bottom hadron decay pro-=
ducts 1is much less severe, increasing the bottom hadron reconstruction effictency.
The dizadvantage at LEP 1s combinatorics due to the bottom gquark fragmentation, giving
rise to addidional hadrons before the decay of the bottom hadron, a feature which is
absent at the T(4s). Luckily, the fragmentation b > Bx i¢ vaiy hard and this should
help in distinguishing the bottom hadron decay products from the remnants of the
hottom quark jet. Thus, for <zdp = 078 and for the case of twobady or quase two-body
decays in bou transitions, a cut of Eppaey > 10 GeV, for example, should remove the
fragmentat ion products. Here having good particle identification will be a particular

advantage.

Turning to the measurements of the CKM matrix elements Vpjti=d,s,b?, the
experiments at LEP and SLC have no sbvious rival! However, as can be seen frem

eq. (3.15}, one expects

v 2

o N (3.20}
Vb

v a

M N Tt

Vib

It seems that 1f mg = 0(30 GeV), then there might be enough top hadrons available in
o -
the decay 2 -+ tt to measure [Vpgl. The element 1Vyg4l is, bowever, by no means



-g7-

_q(,_
trivial to measure, though identificatilon ef the hadrons (n, p, ALY recoitbing in the
deecay t + lx may provide some uscful trigger for the & o decovo, The fopeiogy oF This exercise gives

® + .
[ (s'd,1201 2 (ﬂ,p,K,K ¥l7vy is also quile striking.

: i . i » 1/2
oM = 2Re [ (M, - 5 I'yg) (le - 5 Iyl 4.3
4., Weak Mass Mixings and their Implications at LEP
1 . 1 » 1/2
A non—trivial test of the standard model lies in measuring the strenglh of AT = -4 Im [ (M, - ; ! My, - ; Iyt 1l

_0
the flavour changing IAF]=2, AG=0 transitions amang the neutral meson systems KO-K '
o -0 ¢ -0 0 =0
D -p, B-B and By-B;. Experimantally, such transitiens have been measured in the

1 ‘o _o
6 -0 -
K -K sarctor only, though there exists some preliminary evidence from the CTEN pp In this potation M , - — T, = < H [HIM >, and one needs to compite Lhe transitinn

78 o - 07 .
collider | that such mixings may alse be present among the neulral bottem amplitude M (3Qq) <> M (5Qq} to get My, and T',,. Stnce in the standard model, hoth

megonszoj, the photon and Zo have manifestly diagonnl couplings, the lowest non-trivial
contribution to the amplitude HO Ls ﬁo 1s via the exchange of W+W_ diagrams. These
Concentrating on the 1nterq5t at LEP, we will discuss the Do—ﬁo, Bo—ﬁo, box type diagrams are assumed to repregent the inclusive sum of all flavour neutral
Bg-R; and Tﬁ—fi oscillations and their phenomenclogical tmplicatians Lu this intermediate states to which both M- and K ean contribute.

section. We start with a discussion of the formalism which is needed Lo describe

0 -0 o .0
M - mixing, where M is any neutral meson, assumed to be a pseudoscalar. Defining 4.1 B -D_ Mixlng=

the mass eigenstates by My and My (for heavy and light} having definite decay
o o
The calculations for AM(D } and AI'(D )} are given in refs. (), The

widths [y and T tand hence life-times}, we will primarily be interested in the .
contribution to AC(D ) is suppressed due te the Cabibba angle and one exprcts

quantities AM, Al and €y defined below

o
ardn b -2 o
AM = My - M . .1 ETBU:‘ = 10 . Theoretical predictions for AM(D ) are rather fluid. The standard

A =Ty -TL prodedure is to calculate the AC = 2 box diagrams and relate the result to the

79
&S = 2 result of Lee and Gatllard Y. The result Cignoring the small centribntich
o 0 from the b and ¢ quarks? is
(+0y M 2{1-eyH
201+ leyt D)

My, 1.

—_ - 4.4

2
Aty (2= fn ™
AMy Me fx mg

where AM and AT are obtained by diagenalizing the Hamiltonian

72}
o H - 1 ir My, - 1Ty, Hn (A.7) Using the rurrent guark masses and fp = fy glves

" 2
‘]
X
o1 AMD) a

. 1 1 -0 8 :
_L . tm = 2 sec  , T— x (4.5
Mo 2 iz M , ir M AN %10 sec S 1o 8.5
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If, however, one uses the constituent quark mass mg = 500 MeV, then

] 9 -1 AMOD) -& .
AM(D ) = 2xt0 sec s = 10 (4.6}
rm :

It has also been argued recentlya, that AM(D)/T(D} is further suppressed if

one includeg quark masses on the external lines of the Ac=2 box diagrams giving
AH(DY/TH{D} = 10-6! Wolfenstein has taken up this issue recently and gquestioned
the wse of box diagrams to egtimate AH(DO) hecause of the smallness of m:,

since non-perturbative effects are expected to be important. The problem is that
the alternative way of calculating AM{(D} via the Cabibbo suppressed decays Do >
s wtn, K'K,... . etc. leads at best th an upper bound AM(D)/C(D) < 107 and it 1s

very difficult to make a definitive quantitative statement. It seems that this issue

0 —0 o [ J—
will keep the D -D iszue £ively for some time to come! Any way, the D <+ D transi-
tion probability, despite large charmed hadron statistics at LEP, would be difficulk
to detect,

o -0
4.2 B -B Hixings

We shall now discuss the mixings in the bottom meson sector and for the
time being will not discuss the CP violatlen parameter €g. The box diagrams shown
in fig. (14) give the following results for the mass differences

2. 2
o Gp fpg ™pa 2 2
AM(Bd ) = “*E;z HW B Fq g, mg, ) 4.7

2 2
0 Gp fgg mp 2 A
I\H(BS) = _&Wﬁﬂq 8 H.w B Fg (mp,mg,\)

_[‘9_

where B 1s the so-called bag constant, which enters through the definition

B 1 By (1-yaddr > 1 By = 2p ¢

B | (brt1-vg By > 2 o B fy my (4.8)
<B° Y (brptl Ya) )2 | Eo > = E ﬁ f2

s i 5’ §° 7 4 Bs "B

and has the value B = 1 1in the vacuum insertion approximation; de and fgs Are the
bottom meson pseudoscalar constants defined in section 2 and the functions Fy and

Fg are glven by

d,2 d. 2 d d
Fgq (mp,me, M) = (\C) uy + (kt) uy + Z(th(kc)us
Fo tmpamens = 050 + 05, + i:xsuxs)
g (mp.mg, M) = Dy REITA IO, (4.9}

The CKM-angle deperdent factor X{ agsume the following values in the Wolfenstein

parametrization:
Nzt ov e’
= x
c cb ed - t4.10
d, _ .. 3 2z 2 3
Ikt! = IVth thi =X JS(1-p) + @ £ X\
* 2
IN1r=1v_ v LY
cb ‘cs
s, = * 2
Ixtl = ;vtb vtsl A

The quark mass dependent factors ui have been recently recalculated by Burns et
19)
al. including QCD calculations to which we refer for details. We shall show simple

and approximate formulae for u for intuitive reason. The leading contributions to uy

i



are given by
2 z -
up ~om, / ny 4,11}
2 2
up - m / ny
/ 2
uy ~om /oy,

In the expected top quark mass range 30 GeV ¢ m ¢ S0 GeV, eq. {(4.11) is within SZ

o o
of the exact result. Thus, the dominant contribution in hoth AH(Bd) and AH{RZ) is dur

to the u, term. Since in the QCD improved quark decay model for bottem hadrons, one

¢ [ 2 g
expects T(Bd) = F(Bs! a IVhCI ~ % , as we discussed in section 2, the phenomenale-

gically interesting quantity for B-B oscillatiens, AM/T, has the following CKM angle
o ;

20)
dependence

A o -4
— (Bd) ah 4127

Eq. 4.12) gives a simple pattern for the mass mixings in the bottom meson sector,

o -0 0 .0

namely (B, - B ) oscillatiens are CKM forbidden and (B_ = B_) are CKM allowed. In

¢ 9 oar o a oo -
fig. {15} we show = (Bd) and T, {B ) as a function of ™, for B = 1. For all these

0 -1 0

valurs A (B} ¢ 10  and ot (B Y > 1. Thus, we expect substantial mixings in the
o -0 © d ' o%_
B -B_ and very little in the B -B  secker,
5 '8 d d

There exlsts a general consensus in literatuyre that the gquant ity 9L is

0 -0 -0 !
suppressed for both the Bd—ﬂd and ns-nd mixing=; lit the former case it ix 2 conse-
quence of CKM suppression in the decay bd » {(ud}tud), and in the latter of phase
- - - ¢ o

space in the decay bs + (cs) (cs). Thus %E (Bd, Bq) << 1 and we shall ignore this

quantibiy in numerical calculations.

A good method te investigate B-B mixing 1S to measure the semileptonic
decay of a Blor B) meson in the "wrong-sign" lepton. Defining the rattos r and r as

follows {(nete our conventlion B = bi , Bz Eq)

o +
' > 1 vz
s g (4.1
TR »1 vyx}

[ -
e =+ 1 vx}

—
reg = 1 vpx)

i)
"

a1
then one gan show

oM L2 ar 2 2 AN 7
=) 0 {0
2
r-on . (414
am |7 ar . ? an L7
2+ () - () 2 ()
- q
r=r/n

wvhere n i3 a measure of CP-violation defined via the convention independent

relation

B, I B >=——7 4,15

We =hall set n = 1 for the time being. For complete mixing i.e.for [ ?ﬁ )? > 1,

r = 1 leading to equal number of "right sign" and "wrong sign" leptons in

nestral B decays, However, since only the Bz—ﬁ: oscillation is expectrd to be
significant, only the ratio s will devtéte signlficant]yofrum 0. We define a
quantity which takes inte account the relative rate for Bg production and hence is

more relevant for the experimental measurements In the continuum than the
©
- d
of B-B mixing involving the wrong sign lepton in the semileptonic R decays is 3,

o
ghantities r(R ) and r(B_) which were defined in (4.13). The experimental measure

defined as



_TiE » l+x)

X =
I'eg » ltx)

0 n
One can relate ) to the individual mixing parameters X4 and 1. of Py and Ry mesons

defined az

0 +
_TRygy » 1 ) Fiis)
Ygeey T - AT
s FeBegy » 100 t+rqes
via the relation
(BRJg oo, CBRIGPexy oh e

<Ry d d <RR>

vhaere PqtPg) 15 the fraction of BS(B;) meson production at a given centre of mass
energy, tBR)d[tBR)S] 15 the semileptonic branchling ratio for the Bg[R:] meson and
<¢BR>» is the average semileptonic branching ratio of botlLom livdrons measured at Lhat
energy. Since Pg = 0 at Y(4s=), the T04s) data con measore only xyq. Howsver, we oan
be rcalculated from fig, (16), one expects xq ¢ 10_2 in the standard moedel. The pie-
sent best limit on xg from experiments at CESR s xgq ¢ 0.223’, which ig ronghly

two orders of magnltude larger than the expected value of the same guant iy 1o e
standard model. (Experiments at CESR and DORIS are well sadvised to ran above Toa)

to be able to measure wealk rass mixing effects in the bottom meson sectorf)

Since x4 is very small, we sel xq = 0 in (4183, Then, o b o ety
209
expression for y '

(RRYqPgxg -
= s e Poyg ® [ (a8)xg hL
CRR> sXs Xz

where the last two equatities emerge [rom the assumptions (1) PRI = <BRY anl 1)

P. = f(g;;), which is the probability of producing an . pair i Lhe froaqmentat fon

3

af the b—quarlk jet. The quantity ftss) has been measured in a large mumber of high
energy physics experiments. The best fit of the related quantity vg = ftes1/fdd) in
e+a_ annthilation at PETRA and PEP is: yg = 0.33 ¢ 0.0234, whirh gives ftsz) ~ 010,
The ratio f(s3) Ls inrreasing slowly with Js, so we exprot frs;’LEP/SLC = 0,15, Thus,
for maximm Ps_ﬁs mixing, xg = 0.5 and for experiments invelving bib production in
the continuum, one exprots

1

Amax = - fUss) .20

vhich gives a ratin of (7-837 for the relative probabllity of producing o wroeng-

sign leptorn in Lhe primary semileptonic decays of a hottom qoark jet).

P -
4.3 Tnelusive dileplon rates ine 3 bh 2+ 11x

Next we caleulate the dileptsn rates from the primary B decays. Denoting

by Npp the pradicted dilepton rate, the expected rate for opposite and same charge

2 z 20,
combination is N __ = (t1-x)y + x WNoy and Ntt = 2x4{1- N2 . Then
M 1)
Rit2/,) 7 —% & gy
Ny- (1-x) + ¥

xgll = yoflas))
B R e g 14,21
{1 - 15;“-""9)] + xgftas)

Ptea)t? ~ f(um)

=7 Ve =
{7 - figsy + { (85}
T 0,16 for [f=s) - 015
Thee nober quoted is for maximom Hséﬁq mixing ot TIP/01LC energies, To compare the
alove rat o with data soe should add to Lhis the cont il fons due (o the botton
s
hadron easeades b o» ox 2 1 x , which obvieusly depend oo bhe specific experimest al

conditlions,

[et us briefly take stock of the present exprrimental resalis on the
8y
quant ity Rt£t/,.), There is some prelimipary evidence from the UAL (1AR3+1984)



data that in high py diruons from 5p collisions Rtx2/4_) # 0. An analysis of this
data, taking i{nte account experimental condlitions is given Ln refs, (720) and (82),
After subtracting Ehe bottom cascades and other backgrounds one findszo)‘R(ii/+-):
0.25 £ 0,09, vhich 18 congistent with the expectations (4.21) and suggests
substantial Bs_ﬁs mixing. The least that one can do with the UA1 data 1s set a 907
C.L.. lower limit on the mixing parameter. This gives y > 0.04. In flg. (17) we show
contours of constant x in a two-dimensienal flss) - rg plot. For fisa) ¢ 6.2 at the
CERN collider one gets a lower bound on Bs—ﬁs mixing paramebter ro, namelv oo ) (.25,
From 0+e— annfhilation, there are tuwo null results available from PEP and CESR for
the quantity Rix2/+-1. We have already discussed the bound from CESR. The Hark-11
collaboration at PEPBS’ have set a limit on x, x<0.12 at 907 C.L. We show the exclu-
ded area in the fisg) - rg plot (fig., (1T}, As indicated in eq. (4,200, in the
standard model, one expects Ypax * 1/2 fiss) = 0.07 at PEP energies. Thus, the pre-
sent e+e- data both at PEP and CESqu) do not yet have cnough statistics to test
bottom meson mixing in a significané'way. On the other hand, the limits om y can - be
used to rule out non-standard models, which predict substantial BS—ES mixing. This,

for example, is the case in SUSY models with relatively light gluine and squarks.

4.4 Weak mixing effects in forward-backward bottom charge asymmebry

Another place to detect the presence of [AR1=2, [AQI=0 transitions is the
4

clectroweak forward-backward charge asymmetry in the process e+e_ -+ hEg ). At
PETRA, the charge asymmetry in e+e- 5 bb 1s measured via the final state e ¢ 5 bb
s 1%x. The presence of B~B mixing will lead to wrong-sigh lepton and hence will
decrease this asymmetry. At LEP, one could use in addition reconstructed Bg mesons
and/or informatfon from the vertex detectors to directly measure the asymmetry in
e+e_ + B;x. We have discussed at length the electroweak charge asymmetry in the
standard model including QCD radiative and mass corrections, That in fact was a pro-
lude to the overriding interest in the e+e_ > bh asymmetry due to B-B mixings. De-

the standard value and by Kh the measured value for bottom quarks,

; b
Denoting by A FB

20 FB
ane has

Arm o+ - - = BR{b31 x) - BR{D31 0
- (e e +bh 3 Ix} = 4.2
Abe <RR>

= {1 - 2x}

(1 = 2x,f(s8))

"

— -3 (1 - flss})
xg * 0.5
Thua, for romplete Bs-ﬁp mixing, the ratio RPR / AER {8 smaller Lhan 1 by he

=
-y

fraction fess). He axpect fexsl = 0,15 at [FP and SLC. Thus, a measimrement of A
better than 5% 18 neederd Le sce possible effecls of n-R mixing throngh the

6
asymmrtry measurements. With 10 bottom hadrons expected per year at [EP, the etror

in the measurements of KFB w11l be dominated by systematic errors.

The measurements of the quark charge asymmetry at PETRA and PEP are still

very mich in a preliminary stage.. Despite thits the JADE cellaboratien at DESY have
ey
measured the hottem quark asymmebry at 4o level. Combining all the PETRA dala .

which is dominated by the JADE contribution, yields

R:sym H R?B / A?B > 0.74 at 207 c.L. In fig. (18) we draw conlaors of conalant
h h - refiss)
, using the esquation R =1 - 2¢efissy.= 1 - 2 — , with the boundary
ASYM asym ; (141,

condition 0 ¢ fz5) € 0.3, Alse shown is the exelnded region for QES\W P00,
vhicli corresprndds to x < 0,13, Thiaz timit iz gtightly worse than the ooe set by The
Hark-11 dimuon data x < 0.12. Again, the expected effect at FETRA, PEP and 1EP fo

f{==) - 0.15 and rg ¢ 1 is: pkgym 3 0.86(L.n.y € 0.8},

[t i e¢lear from the discussion aheve that the actual measurements of R-P
mixirg effects would depend on dynamical detalls, lile for example the pelat ive
zemileptanje branching ratios {(BR)g / ¢<BR> and the probahility I, (or fe=s¥, i
additfon to the Intringic measure yg (or rg) which is in principle determined by

the weak interactionsz. Despite the dependence on these dyaamicad o geant iUies, e



experimental measurements of R(x:/+~} or Rgsym by themselves are not sufficient to
- o -
tell whether the mixlag pertains Lo Bg-By or Bg-Rg . There certainly is no way te
Q
tell the two mixings apart at LEP and SLC experiments, without tagging the Bg meson

or demanding an extra correlation. Therelore, there is a need to devi-s tests whicd,
0

o —0 o
at least in some reasonable limit, are able to distinguish the By ¢» By fiom the -1,

mixings. In this connection, it has been pointed out that measurements of 1 he final
+ + 0 - =0 + + ¥ + - - -
statas 1 1A ., 1T 1A andl 1F in (e o, ppr 2 bh would be strongly indicat tve of
- 63 o +
Pg-Rz mixings . One needs good detection efficienciers for both A and bl This
certainly is going Lo compromise event rates despite large bollom hadron stat st ices

expacted at LEP.

- ¥ F
4.5 Weak mixing effects in Gtﬁ+e g liK K x}

We would like to discuss the proposal presented in ref. (21} to measure
Bs~ﬁs mixing. The proposal consists 8f measuring the "decay" of an excited bottom

quark produced in a hard colliston into the following states
- -0
" 5 1K K x, 17K x (4.23)

nr its charge conjugate b 1_K+K4x, 1-K+Rox. The main idea behind the final statesg
(4.23}) is rather simple. Since mixing in the hottom mrson sector 15 expocted

in the B;—ﬁ: sector, one expects short range (in rapidity) flavonr correlations
among the fragments of a single bottom quark jet alse. Normally fn a bottom guark

jet one would have the fragments

[ -
b+Bs + X , K, A +. .. o7

0 -  0-0 -0 4 -0 0
In other words one expects final states ByK , Bgh , R.K and BgA . Of rourse, in
o -0
general the Kt and A / A multiplicity im the fragmentation of bottom gquark may be
- [
large leading, for example, tc both the B K x and B K+x final staes, This however

iz mot the case experimentally. In the jargen of fragmentat fon mode]l butlders, the

fie)

kaon multiplicity tn a jet is governed by an SU(3)-breaking parameter vz = faay Al
of the A by another vg = ?%%g% . ALL o+o— data at PETRA and PTT sz well ax in olher
ANy

’
high energy experiments are in agreement wibth vg = 0,33 apd ygq - 0.1 - 0,20

o -0 (o] -
Thus, it is senslble to study flavour correlations of the type BsKt, 15Kt, PoASA

etc. With the normal correlations being (4.25), correlations of the "wrong

stangenass"™ type, namely

] + 0 0
bo» Bg + (K K LA +... (4.25)

Q - =0 -0
b Bg + (KK LA+

o -0
would be i the first approximation signs of Bg-Bg mixing, Thu=, in leading erder

in vg nr yvg one has, for example,

-0 -
b+ Bk X X
I 14,24
b+ B.K X 1-xg
-0 0
b+ BA X Xs
AR Xs
b+ BeA X 1-xg

Of course, the utility of the short range {lavour corrclations (4£.25) is
only in conjunction with the abitity to distinguish a Bg from ﬁ:. This can be
achieved through the semfleptonic decays. Recalling that the transition b 2 ¢
dominates b decays, the semlleptonic decay nf a botbom hadron would lead to the

following states:
L] + “y -
Fq 2 (D, ,..001 v tq.27)
- 0 %0 -
By =2 .,D ,..01 v
0 + " -
Pg » (F ,F ,...0 vy
o 4+ + + +
Now, since the decays (D ,D ) » K X are Cabibbo suppressed but the decays F o+ KX

0 -0
are Cahibho allowerd, a good two-particle incluslive final state to enhance the B (B

[ - -
signal shoold be in the decays B » ] K X and B » 1+K X. This would lead to the final



4.23).
tn contrast to 1*1*x,

- + - 0
state b-jet I‘K X X, 1 KA X advocated in eq. Once again, it 13 imperative

to have the b and b jets well separsted. Hence, the final
+ F ¥
states 1K K

. : 2t
region. To quantify this proposal, one could define the following ratio !

are useful for experimental situation well above the T(As) resonance

b+ 1'RKx

——— (4,21
b+ 1KKX

n

ROIKTK 7 URTKD

Then, quite generally for collisions leading te bb productinn one can express the

ratio R as A

g o (Bq} { BR(Bq + 1K X)f(q + K X + BR(Bg g KK D

RN 7 1K=

— N

ﬁ o (Bg) { BR{Bq » 1 K X)fiq » K ¥ + BR(Hq * 1 X)ftq = K K %)

where the sum q 18 over all species of the bottem hadrons B,
The decays Bgq - 1K X are

and f(q 2 K+x) etc,

represents the probahility of a quark giving a K+.

-3
completely negligible (¢10 ) and hence not included in (A.29). Now in Ieading
order in fiss} (keeping only the valence K* hadrons from the fragmentation o = KtX),

one has

] (] + - -
giBgIBR(B, > 1 K X)f(s 3 K X

- = - -
REILKX /LKK ) = T U == =
0{Bg1BR(Bg » 1 K Xif{s » K ¥
L4} * - — -
BR(B; 2 1 K X) xg BR(F + K ¥
= —p s 7 o (4.307
BR{(B; » 1 K X} 1-xg BR(F » K X}

(4.30) hnlds,
the probability fi{s = K %) and the semfleptonie bras Vi it

Thus, in the 1limit that eq. the quantity RITK KX is Pinfependent of
n

(4]
ailBX),

L
v Lo e

+
meson. It depends, however, on the inclusive branching ratie of the 7 memnes,

namely BR(F. » K'X). The quantity BR(F » KXH/BROFY > KX Lo eq. (4.30) Is
expected to be around 1 in the quark-parton model description of the Ft decays, and
hopefully would be available soon.

Of course the discussion abeve is somewhat ldelalized. Tn real world,
Cabibbn suppressed transitions in charmed hadron decays DO.D+ - K+X and the
suppressed fragmentation precesses u,d 2 KX and g k*¥ would contribute to the

- -
final state b + 1 K X X, thus giving nen-zero contribution to the ratie R defined

in €4.28). The signal and background rates have been estimated in ref. (21), from
vhere we retrace the essenttal steps and reasnlts,
da + - =
The distributinons 5= {2 = ZEK/JR) for the processes e e » 7,7 3+ hb »

dz

E3 .
JK X are calculated in the quark-partan model, which glves

o . 0
Ry, Py, P’S' e
3 bh}; the inclusive two-particle distributions are then obtained by using a
g

g
modified fragmentation model of the Field-Feynman type

+ -
gle e

the modification is 1n the use of an experimentally chserved hard bottom hadron

623
fragmentation function, which we take here te he the one due to Peterson et al .
+
The momentum distributions of the X mesons in the processes
+ - +
f e > BKTx 3D

90
are then bound to be rather seft ). This 1s shown in flg. (1) for the

Ve

+ 1
frwgmentation function Dtz = 2Eg/¥s) for  » KX, q -, d, s vith rp N

fiq » K X) being the inclusive prnhwnll-f‘na nf PTUHU(]HL K % in the fragmentation
Sy
measurement= . The flavour dtztribations

q 3 k x , taken from the present ete”

T shown in fig., (18) are quite instructive, They give a conerete meaning te Lthe

- -
notion of allowed s = K X and suppressed s + K X transitions,

In fig. {(20) we show the two-particle inclusive differential cross-—section

o -
1 dg + BKX} for the final states BUK*X and RgK*X assuming fiss) = 0.15

SivmT g

for s = 93 GeV. The hierarchy in the rrnqq*svrtious is very striking, with

o+
(B KXY = ntR K 5 being the largest and U(BS K X¥) the qmallvqt cross-section, For

2FK

the particular chnlco of f(ss) we note that G(B K X)IU(B k Xy =5 for 2 = e H

and this ratlo becomes 3 10 for z 3 0.2, In rhp presence n{ [ -R mixing, na change

13 really expected 1n the cross-sections olByK X) amd ulR k BT hut the cross-

). The essential feature of

a.1
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0 0 -0
section H(BSKtXl will change in accordance with eq. {4.26). For cemplete B -l

+ - o - + - QO+
mixing, one would have ig (e e 2 BK X} = %g (p o B K X) for all values nf-z,

0 +
This ts an effect hard to miss for detectors having good B, and X detecting alilit e,

Ta get rates for the ratio R in eq. (4.28) ane has to know the inclusive
+ 0 + + + ’
branching ratios for (D ,D ) » KX and F = K X. The fermer are now well measured
but the latter are not yet available., The branching ratios nsed in ovr caleulat fons

are shown in table (11),

We now discuss the resnlts for the final states sensilbive to the §-omne
0 _0 + - T — + + -
of Bz-R- mixing, namely the rates for the dileptaons & e > bb » 171 %, RN
+ -~ - + ¥ ¥ t 4+ -
and ee 3 bbb~ 1'KKZX, 1K K X. To remove the baclgronm! from PP e

oo o co o 1*x and the cascade decays n+e_ + bh &3 1 x - Iroducing the {inal
statesr e+o- + 1*1*x etc. without any B~ mixing;? we have put a cut-off on the
transverze momentum of the lepton, P%f, measured with respect to the jet-axis.
Simtlarly, since the signal/background ratin is expected to improve with fhe
increase in the momentum of the Kt, Pg, we have put a lower cut-off on Py. In table
(12} we present our results for the final states g+e_ + 11X, 1KKX for 4= = 93GeV,
for all possible charges lt and Kt, flss) = 0.15, P% > 1.8 GeV and P > 0.5 GeV,

The dilepten ratie R{2t/+-} riges from 0.043 to 0.175 as xg Increases from 0(no

- -+
= aft KK = ”-‘---L—"-w!\-o—)
agf{! KX + al] KK

mixing) to 0.5 (complete BS—ES mixing). The ratle ARCIKK)

decreases from 0,41 to 0.23 in the same interval, The rates for 1*f'f;x states are
substantially higher than those for the lilix states, The decrease in the ralio
ACIKK} as A function of Yz 15 a special case of the resuils shown in fig. (203,
where as we have argued before, the cross sections ofB2K+X) and n(B:K-Xl temd to
each other with increasing xgq. Tt 1s obvious, for equal mmber of bis eventz, the
changs in AR{1KK) due to B-B mixing is more marked al lower cnergies Phan al higher
enrrgies, since the Kt multiplicity in a jet is lower at lower Js, resulting ir
smaller backgrouml, We show the ratlo AR(IKK) in figs. (21) for two representative
values (a) at PETRA, ¥s = 43 GeV and (b) at LEP/SIC, V& = 93 GeV , uhere we also
show the dependrnee of ARCIKK) on f(ss} far-the range 0.1 ¢ fiss) < 0.15. In figs.
(22 we plot the relative rate of same sign «ilepton R(]tl!) = <N++ N/

-+ - - - - .
(N + N + N ) as a function of g for f(ss) in the range 0.1 € f(ss0¢ 0. 15,
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1
Note that we have nsed somewhat relaxed Ppocut—off in i, 205y o 1.

In figs. (23}, we show how to determine f(s=) in hottom qiiark jets, where
we have plotted the branching ratio for the inclusive final states th+9_ » liK*k“X
+ 1iKthK + 1iK;K¥X) involving ].:t and Ki, as a function of f(ss} for the range
0.1 ¢ flss) ¢ 0.2, As expected, the cross-scection d(r\+r'_ =+ 1KKX) depends lineary
on {(ss) and a measurement of this quantity should already he possible with the
existing data at PETRA/PEP energles. This would then provide an independent
measurement of f(ss) for bottem jets in the same experiment where eoffects of Bg_ﬁ:
mixings would be searched. This would fix fts5) for both ACIKK) and Rei/+-)

neasurements.

The rates presented {n tahle (12} are based on 1.0s bb events. The
integrated bottom meson sample at LEP could be an order of magnitude larger in a
typical year. Measurements of Bs'ﬁs ﬁlxings at a level suggested by the recent DAY
dimuon data, as well as by theorctical calculatjons namely rg 3 0.25 (or x 3 0.2} 1=
within the feasability of LEP experiments. Not only will it bhe possible to see at
LEP statistically significant (340) deviations for rg 3 0.25, but also the
concomittant short range flavour correlations via ARCIKK) measmrements will be
testable, We would like to close this section with some remarks about direct and

indoced mixing effects in the top meson sector,

4.6 NDirect _and induced mixing effects_in_top hadrons

There are two neutral tep mesons Tg which can mix with their chargs con-
jugates via weak interactions and, in principle, one could have TnﬂT” and T:—T?
ozcillations. Since the width Ty 18 very large (1.e. top hadrons decay very fast),
there 15 no time for mixing. Consequently, weak mixing effects in the noutral top
MRRONA are axpected to be extremely smallgl). These expectations can he given a can-
crete form by calculating IQI- ancd ?l‘j for the two neutral top meson systems. We have
already discussed the decays of the top quark in section 2. To a good approxlmat ion
one expects [T = TUTgr = T'(Tgy = [Ty = F?Ut, vhere F:Ut fs given in eqo 42,4
together with table (8), It §5 likely that due to the larper phase space TUT.) =

20tT,p . However, for the discussion of AM/T this difference is nob crneinl, The
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diagrams ledtng to AT(T,) and AT(T;) are shown in fig. (24a) and (24b), respeotive]y,
They lead tn

Ar 0 3 2 2 2
F_ (Ty? = ?f Wegl + Vgl Vgl 4. 37
1 &
¢ =X
2
A o 3 2 2 2 2
— (Tg) 2 2§ Vgl Wl * Wt Vgl .
r F . E
1 4
x =\
2

where [' is the reduced top width given in table (8) and X = sin0, = 0.23, The mass
difference GH(TE) and AH(Tz) are calculated by the box diagrams shoun in figs.

(24c) and (24d) respectively. These can be expressed in a form analogous to AH(RS)

in #q. tA.7)., {We have ignnred the external quark mass effects in AT = 2 box diagrams

which would further suppress the rates for AM/TI(T)),

0 2z 2n
AM(T,,) 32nf i
. STUTIWRHE . t4.34)
r mg T
o 2 2 A
AM(T ) Ienfre wpe my B
# I=E Fe
r mg T
where
2 ?
* 2 my 6 My
Fy = IWep Vpy! —=2 ¢ N -2 (4.35)
my ™y
2 2?
* 2 m 4 m
FC = lvtb thl "g = A _Z'b
™y Mgy
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which gives for mp = 40 GeV, fp, = 0.1 GeV, fpo = 0.3 GeV

Q N ~10
— (Ty) ¢ 2x10 (4.36)

¢ -8
— (T) § fx10

Thus, direct mixing effects in the top meson sector need not be discussed any
further. On the other hand there are indirect effects in t-decays {as opposed to the
mass mixing effects) which may not be negligible. These induced effects shonld

t.
presumably be marked in the decays of T; and Tg mesons, via the decays
£45) > b + (qq, 1w : (4.37)

since a slgnificant fraction of the ‘b(s) topology 1is expected to give rise to
o -0
By + X(X = v,n,...} one could observe effects of Bg-Bg mixing in t quark decays.

One rould get final states of the following form in the top quark jet
ts » (bs) + 17v)
tbs) —+ F 1) =17 17F7X (4.38)

The bhackground to the process tg + I+1+X 1s due to the normal t cascades t = 1+hul
+ocx 1+u1. However, in this case the secondary lepton will have very soft energy
spectrum and can be removed by an appropriate cut-off. In addition, the dilepton
Eo]linearlty angle distribution in (4.38) 13 quite different than for example from
the normal process

+ - -
e s =+ tt 5 B S 1+x

L (4.3
+
1 X

and should help to distioguish the tvo gources of l*I*X. One can also use final
states in the topontum and tt production above thresheld to see indured mixing

effects in trilepton final states. These latter would require n‘]nrnﬁ i/ toponium
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data sample as disrcugsed in ref, (92).

Tn the standard three family model, CP vielation effects arise doe to the
Kohayashi-Mazkawa phase, dgu- The only place where such effects have been

- LE
experimentally measured is the K -K system ). Presenl measurements of the CP-

vialatinn parameters Ielgq? and c;c 79 are ronsistent with the standard mndnlqs,
predictions, though the situation is tantalizing.
no_n

In principle, CP wviolation in decays and virtual transilionss (4 =X 3
expected in the charmed, beauty and top hadrons as well., These effects can be
generally classifled as (i) decay amplitude differences in partial rates between
the particle and 1ts charge conjugate, which are the enly sowreces of CP v|nlnt16n
for charged hadrons, and (i1} the enes¥ that may involve Ho¢4 ﬁo mixing in addition.
The general rule here is thakt partlal rate dtfferences between the decay HO » foand
its charge conjugate ﬁo + F will invelve both the Ho 3 ﬁo mixing and deeay
amplitude differences if the final states f and  are CP elgenstates. If ¢ or fois
not a CP elgenstate then CP violsting effects in the partial rates nf neutral
hadrons will arise only from partial decay amplitude differences, Finally, (iii) CP-
vinlation involving meutral hadrons may arias only from the virtual transitions

o -0
M e,

We will first discuss CP-violating effects in virtual transitions. As we
have npoted in the last section, the mass- and width differences M,, and 'y, for
HO € ﬁo transitions are in general complex fuantities. Physically, it means that
the probability P(Ho hd ﬁo> 2 P(ﬁo + M), The CP-vielating effects in this case sie
propartional to ar™y = (P 2 B - P s 7 [par 4 HY 4 P e 1L Now.
if the mixing probabllities, propertional to AM/T and AC/T are amall, then there is
nn realistic hope to ohserve (P vinlations. This, for example, i3 certainly the
caze for Doﬂﬁo, Tz-Tﬁ and T:—?Z transittons. Here, CP violating effects are
exceedingly difficult to measure since in the first place, the mixing amplitudes
are exceedingly small. The smaliness of ay, .expected in the standard model, is on
top of that, This can be quantified by recalling from egqs. (4.13) and (4.314) that

the CP-vielating charge asymmektry in the semileptonte decays of neutral hadrons iu

..r's..

the process

+ -

oteT o 0 1%1%x, 1717 (5.1

81y
can br expressed as

++ - - 4
- N r-r n -1
a = TFE - = —= = T (5.2}
H + N rer n +1

2
whers n is glven by n = 1-z / 14z with 2 = 1/2 Im(I'y, / M5, The counting rates
ar# then detarmined by the total charge asymmebry in the dilepton final states,

= 2axt1-x) ) (5.3

vhere we recall N,y is the tetal number of dileptons from the process (5.1). We

have pregented estimates and experimental bounds for the quantity %U and %[ related
o
to x in the last section and in view of this we shall not discuss the cases ¥ = I,

¢ o
T, and T, any more, Concentrating on the hettom secter, we quote the upper beund

Pt

for

19
a' from the calculations in literature ),

-2
ag“x ¢ 10 (5.4
a™* ¢ sxt0”
s

with the actual values depending on the CKM matrix element Vy,, and the phase &gy, as
can be seen in fig. {(253). Inserting the expression for y in terms of xgq and xg from

eq, (4.18) in eq. (5.3} one gets
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F¥Y -_—
N~ -N ’ {BR) gP X4 (PR Pgx I
— = ag Xd — -  t Z2ag Xxg —— - 5.5
N, @Ry s emro
whirh on using the values
-2
xg ¢ 10 (5.6}
xg ¢ 0.5
Pqg = 0.4
Py = 0.15
(BR}q = (BR)g = <BR>
gives
4 ——
N - N -4q
< 10 (5.7
Na

Now, since the effective branching ratio for the process ete” 5 bh o 1717X with

~ -3 83 : [ -
primary leptons b = 1x 1s Q{10 ) ), this would nred Q(1G dbb events to he able to
test CP violating charge asymmetry 1in the standard model, which looks hoprlas

- [
degplite the large bb event rates expected at 7 .

We shall now discuss other CP violating effects that may emer;e due to the
differences In decay amplitudes of nerutral hoktom hadrons. The main ldea here dis to
look into differences in the partial decay rates for the decays B =2 f and ﬁ04 f in-
volving the same final states f. An example of these decays is Rg * DO X
Kg + ¥ + X and ﬁg + ﬁo + X 2Ky + Y+ X where X and Y are sets of hadrons common to
both Bg and ﬁg decays. One needs a tag for the holtom hadron.sav b 2 ]*K, noe can

+ - 0-0 - +- 9Ty
then define a CP asymmetry inee =+ B R + X 31 Xf, 1 Xf
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- = 2
il Xf) - a(1 Xf) 2xu sinZé 2
A = = ¥= = z —=+  2xu sinZ¢ (5.8)
gll Ary + o(1 X 1+y +2Zycogld
. y;O
2
1-y AM Al
where u = ——2 , x = —andy = - << .1 and ¢ 1u tie Carter-Sanda phnze
1+x r r

defined via the relation

¢

1 <fILAR=1Y IR >
expl=2td) = = — ==y ’ (5.9}
n <FILAB-1) 1B >

(=] =0 -2
since for By — By , xz <10 , u =1 and one has (for my ¢ 50 GeV) 5,100
o
BALRgY = 2Zxsin{Zeg) ¢ 0.1

Again the CP asymmetry {5.8) 1s suppressed since the mixing parameter x(Bg) is very
small. The corresponding asymmetry for the B: and ﬁ: decays AA(B:) 15 tiny
becauge the Carter - Sanda phase factor sin2¢g in this case 1s CKM suppressed and
hence negligible. Quite apart from the smallness of the CP-vieclating quantity AA in
the standard model tt would be exceedingly difficult to dig eout the state f and
construct Bg and ﬁﬁ mezong from Lhe debris of a hettom jet at 1.EP/SIC enrrgies.
Either f is an exclusive mode, like for example Bg 3 Ksﬂoﬂo , which has a branching
rat.io probably less than 10_‘I , or f 1= an inclusive state in which ¢ase one ¢an
just forget about reconstructing B; ! ﬁg from 1it. We are afraid that the prospects

of measuring O at LEP and SLC are not terribly bright.

Yet another class of reactlons to study CP asymmetry in battrm decays
0 -0
involves the difference in exclusive partial rates, I'(B -+ f)} and T{BE = 1,
-+
Exnmples of such exclusive final states are hy now abundant, namely Ry > K n
+ - + - + - + - -+ + - + - aRry
DF,nmn,DD,... andBg»Kn , DF , KK, FF etc. . Denat ing swuch

differences in integrated partial decay rates generically by AW, defined as



_r,U_
. <
TiB =+ ) -T(BE > )
B =0 Y (5.1
MR > f) + T(B = f}
a8
one can show that
x1usinZé
A = ———-=- —— xusinZ¢ hom
1+ycos2d
y=0
0 -0
Again for By-Bg system, since ug = 1, one gets (for mg & 50 GeV)
-2
A = xs5in2¢ € Sx10 (N1

For the B; - ﬁg system, sin24¢g is suppressed as for AA due to the CKM angles and

hence AW(Bgi is negligible. We realize that the estimales presented in (5.10Y and

(5.12) are somewhat smaller as compared to some olher estimates of Lhe same quan-

tities found in literature, The reason for this dispersion is the uvse of larger

values by some of them for the quantity x = %ﬂ for the Bg-ﬁg case. This quqn!igry,
" as we have shown in the last sectfon is CKM suppressed and is naturaliy of 003 )

in Lhe standard model.

Apart from this difficulty in rate, the feasibility of AW measurepents at

o o
LEP and SLC is commensurate upen successful reconstruction of the By and Poomesons

intn the exclusive two body decay modes in which the CP asymnebtry is being sough
for. Many of these decay modes are suppressed by the CKM ratio iVy, / Vbrlg like,
for example, 84 ﬂ+ﬂ_, K+K_, By K+ﬁm, K+K_ or else by stnrec Tike Eg > 5F+ Al
hence are not expected to have branching raties in excess of 10'“. Thia i= to he
axpected 1f one notes that the present branching ratin upper 111111'!,::.:?J on CkY
suppressed decays are already quite stringent, namely Bo > ﬂ+ﬂ_, pon* < 2::‘10-Jl
The decays Bg » D'F, Bg » F'F7, on the olber hand, thongh CKM allawed, demal Lhe
reconstruction of two charmed hadrons D* and F;, which would render the AW

asymmebry measurements rather formidable at LEP and SLC ecpergies.

Next, we briefly review the possibilities of observing CP ¢iolat ion in the
decays of charged hottem hadrons R: and B:. The deecays B; 3 DOD—, D~ﬁ‘o were first
descussed in this context in ref. (27). The decay B; + K J/W wns pointed out in
ref, (1007, RecnntlleI), thrge decays have been regalculabed together vith the
dncays B; > noK_ and the decays nf the much less frequently produced botlom meson
3:, pamely B; 2 K-ﬁ,o ﬂ_ﬁo and ﬂoD_. These calculatians Iinclhikle interfersnce hotween
the penguin Jdiagrams and Che nsual Hz exchange aml decay diagrams, Concenbrating,

- o - 101}
for example, on the decay Bu > n X one can write the decay amplitudes as

- o - * .
MiBy 2 n K ) = VepVegh + Vl]hvljﬂ“‘\z (5.14)
-+ o+ . .
HiBy > m K ) = VopVegh, + VypVighez

The partial rate difference 15 then given

- 2 2
() Ml - M)
A E o2 (5,15
W1+ M}

101
in the CKM parameftrization, onc gets )

2 -
() 73 s,5.5, . Im (ALA;)
HW s —lzga 1tz (.16
1M+ M

2
which glves rise to the untversal CP non-ronserving factor, s;s,55%g . In the

Wolfrnstein parametrization, we get instead

2z 6 L]
(£)  +A4A N nIm(A ALY
il L S (5.1
1M+ M)

where Az 1. Thos, in this parametrizat ion the untversal CP vielating facto s

£ ? - 2 *
2% n. The amplitudes Ml + iM]  asnd the fiderference doem ImEA ALY depend on the

- g
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particular decay mode. For the reactlion in (5.14), one gets

4 -~ 2 4 z 2
M+ IHE s 21Vl (Vegl A,

2 42
s 28N A, (5.18)
Thus (€3] ?kz ImCA A-)
A m
A e T2 (5.1
A8

vhich gives nw(f) Bxlcv—2 for the bonnds on n given In eq. (3,16}, arsuming |mtnlA;$
/U\l)2 = O(1), Since A, = 0 in the absence of Penguln diagrams, a definilive

estimate of the rates for the asymmetry in the decays BE 3 K*no ig rather model
dependent. To get an order of magnitude we use the calculations in ref. {100,

then one gets BR(B; 3 ﬂOK-) 2 4x10-5 ﬁ thus again one would need O(iOT) bb events

to be able to observe CP-vielation in the decays of Bﬁ mrsans. Observation of CP
vinlation in the other decay mode mentioned earlier namely R; + D-D' would need simi-
lar gtatistics; the case for observing the asymmetry in B; + K I/ decays s even
weaker, requiring 0(109) bb eventsi°1). We shall not present any rates for asymmeiries it
the Bz decays since the rates of Bi production at LEP and SLC energies 1s expected

to be very smwall, with probably u(ng) = 10-3 ¢thh) a reasonable guess, judping

from | ate’e™ > J/BX) [ opor < 107 .

standard model is very small, exclusive tweo body decays provide an interesting buot

Since the expected charge asymmeiry fn the

challenging alternative. It 1s quite posslble that the CP-vinlatlng di{fereace in
some of the partial modes may attain as high a value as 107. The success in ob-
serving such differences, however, hinges entirely on the ability te vrecopstroct

bottom hadrons in the relevant (but alax very much suppressed) exclusive modes.

In summary, in the standard scenario of CP vinlatton in hattom hadrons Lhe
general features are qualitatively very clear. The pbysical quantities in hottom
hadren decays, which involve virtual Bo—ﬁo transitions and are sensittve to CP-
vinlation, need hoth Iarge mixings, 1.e. large x = AN/T, and large relatjve phases,
i1.e.either l:rﬁg z = 1/2 Im(Ty5/M,,) or large ¢, in order tn yield mons;rnhl;
rates. For By-By transitions, AM/T <¢ 1 since the CKM ratio [Vigq / Vho! € % .
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For BE—E: transition , the phases z or $ are small due to CKM and GINM

suppressions. Thisg is & pattern intrinaic teo the standard model and it leaves
ltttle room for any ‘educated guesswork within the model. The other class of
CP-violating quantities, namcly involving Boi f, 504 T decays where f is ;ithor not
reachable by B or it is not a CP cigenstate, do not involve Bo-ﬁo virtual
transitionzs. The problems here, as well as in partial rate differences in R: and Bﬁ
decays, are more of practical nature. They require measurements of rate differences
of 0(10—21 for specific hottom hadrons in exclusive decay modes, with effective
branching ratios of 0(10_4) ar less. Many, probably all "easy" modes involve b + u
decays, With 0(1051 e'e” 3 bb events at DORIS and CESR, there 18 not a single
inclusive or exclusive decay mode seen involving the CKM suppressed b + u
transition. Measurement of the CKM element Vy,, wtll redurs at least one
uncertainty. Abllity to measure specific decay modes at a rate hetter than 57 is a
lot more demanding goal. It seems reasonable to conclude that measuring CP
vinlatinpns at LEP and SLC is very prdhahly not going to be a first generation
experiment, The question is whether it would at all be possible to detert CP

vinlation in botton meson sector at LEP?

Tt 18 certainly concelvable that the standard model in not the whole
truth! In that case one could have additional effective interactions, like for
ta
example 1in the SUSY extension of the standard mndel ), which contribnte hoth Lo Re
0 .0 © -0
(M, anrd Im(M,,), thereby enhancing AM/T and IM(M,, / [',,) both in the By~B, and R.-B,
transitions. This would lead, among other things, to a measurable rate for the

++
charge asymmetry in the inclusive dilepton states, N -N

Of course, the SUSY interactions are not the only non-standard forces that
may lead to such enhancements. It was painted out in ref. (91) that 1f CP-
vinlations have a spontaneously broken symmetry originloz,, then CP-vialation
effects in the bottom and top mesons will be wery much enhanced. Like for the S1iSY
modrls, in the multi-Higgs models also the delicate cancellation obtaining in the

0 -0
standard model leading to a small value of =z = 1/2 Intl"y, 7 M) In the Re-Bg sectar,

vill be upset, again leading to ohservable CP-violation effectz in virtual transi-
to3,

tions . While on the track of thearetical speculat jons heverel She 2 celard mode T

one should also mention left-right symmetric models Losed on the SUE2Y w SU200

104 ¥ .
{"t1) group ), vhich contain additional gouge bnsom: Wp , Zp and Hipgpses, bolh
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charged and neutral. The implications ef tLhese models for mass mixing and Cl-viola-

tion in heavy hadrons have recently been studled in ref. (105). The =cenaric in the
aoon
I's

. o -0
left-right symmetric models is that the gqoant LLy Re(AM/TY far bnth P4-Ry At P

systems approximately retains its value in the standard moded, hut the quant ites
0 ¢
Im(M, /T ;> and & for the Be-By system get onhgnngd. This conld apain Jead to
O -
ohservable charge asymmetry N -N from the Bo-Bg transition. Likewise, additional
77
CP vinlating phases obtaining in the four-generatinn qusrk models ! can also Jead

o _o o _0
to the enhancement of ImiM,,/0,,) and ¢ for both the Rg-By and Rg-Po systems.

Tr view of the multiple "rhaice" of P violating non—stamlard offoctive
interactions, aur experimental colleaguns are well advised to entertain the
pos=ibility of observing CP-violatiens in hoftam physics serinusly. Unfortnnately,
there is no positive Indication yet for the existepee of these addil janal
interactions anywhere and hence the scales of Lhe non—s!nﬁdn:d forces are not
presently known! Deflnitive predictlons are therefore hard to make. I[nstead, we
have pointed out specific suppression mechanisms for CP violations. These
mechanisms are endemic Lo the standard three=family model and are ecxpecied to fai}
in an extended theory, thereby maling the CP-vinlation phenomena experiment ally
accessible at machines with high bottom hadron yteld and good tapggings, like for
example LEP. It may be that 1ike the kaon beams one wonld need extracted holtom
hadron beams to study CP-vinlation. This however {s possihle only in 1awge badron

1086}
fixed target machines .

6, Summary and Conclusions

In the preceeding serct tons we have discusged wome salient featares of heavs

quark physics expected at LEP and SI.C energies, Thongh most of the rate raleuln-
tinns presented above are made for LEP, the theoretical framework on which these
calculations are based has a wider rapge nf interest, In particular, most aspect s
of charm and bottom physics discussed above are also relevant for phyeies helow the
LEP energles. For example, sectinns 3-5 ronlaln a aysliemat teostady of rare

Lransit tons and decays of betbtom hadrons, which is also the muvin thrmst of e

physics research programme at CESR and DORES,

-153-

This repert can be broadly divided into three main categorics. Tn section
2, we have reviewrd the general features of bKhe praduction and dercays of heavy
quarks, in the framework of QCD and standard model. This includes mrasurements of
the total hadronic cross-section, forward hackward quark charge asymmetry,
inclusive leptonic and hadronic decay rates of the bottom and tep hadrens apd their
lepton energy spectra, rates for multileptonic states in top decays, measuremonts
of my throogh semileptonic spectra and effects of the top quark pnlarization on the
final states. This Is the maln fare of the physics programae invelving unbound
heavy quarks at LEP. The interest here lies in the precise determinalion of the
vector and axial vector couplings of the heavy guarks, many of which are either not
accessible at lower energies or are presently poorly determined for Tack ot
statistics. Experiments at LEP hopefully would complet e Lhie formionie et oy
of the standard medel and confirm that the bt-quark reslis belongs Lo oan S7E2

doublet, with expected couplings.

The second categery of effects invelviug heavy quarks are the ones that
aim al measuyring suppressed transitions, invelving the CKM matrix element= |[Vy,l,
Ve gl and IVegl. Only the element |Vp,, | is, in principle, measurable at CESR and

IMthaulva}

RIS, The present reliable 1imit on the ratto R = is R = ¢ 0.08. In

Cibrclug )
particular theoretical scenarios, one expects Vi, / Vpol = 0.05 - 0.1, We dis-
cussed the prospects of measuring the ratio Why / Vel ab LEP through the trans-

verse leplon enerrgy distributions, *q], measured with respect Lo the jet axis,
r

e

it

With Q010 » 7 » hx events per year per detectar it would certainly be possible to

meazure [V, / Vel at the 0.1 level. Beyond thal the systematic errors, both from
I

pr measurements and jet axis determination as well as {rom theoretical uncertain-

ties, will deminate. We have only presented the gross features of the exprriment al

methad here. This problem deserves further theoretical study.

Heasurements of the malrix elements [Vegl and [Vigl are the uncontested
domain of experiments at LIP, thongh sucl measorement s are by nuo means poing to he
enzy, in the standard medel one expects [Vigl = IVho ) = 0.05 and Vi) > 0.01.
There is some hope of measuring |Vy,] if the top nuark is accessible in 70 i

decavs, withoul any appreciable suppression. Unfortunately the end-point speclra in



_Tﬂ_

2 >
T

the rest frame decays t 2 hl+ul and t 2 sl+u] ey by an nmant 2
for mg = 40 GeV. This would require a jepton energy resolution SEL nf hv}tﬁr Lhan
17. One will have to combine Ey measurements with idontlricatloﬁ of the havlpans in
the process t = 1§X. Again, the fragmentation uncertainties can be aveided if jt
becomes possible to congtruct the top quark jet axis, which should be pessible in
the decays ZO > tt o if my is not very high, =say mg = 30 GeV, The brapching vatin

in anv sperific channel fnvelving t » d transition is expentoed to be EOLS. Tha
looks prahibitively small awd very probably gl will anly be determined indivectly

Lhrough precise measurements of V) , Vg and aunitarity.

In anction 14}, we dizcussed the virtual transitions Ho oy ﬁo‘ The inter -
ezt here ix mainly in the Rg-ﬁg and ngﬁg mixings. Such transitinns can also bead
to indured mixing effects in the decays of charged tep mesons Tz , Ti vte. There
are three final states in which cffrcts of the virtual Ro-ﬁo transitions are
expreted ko manifest themselves: {1} same sign d¢ilepton production in Lhe process
e+e— + bh = ltltx tii) reduction in the bottom quarks electroveak charge asymmnetry
measured, for example, in the process e+e_ + bb 11X and (111) Yepton-kann corre-
lations in e*e o bb o itK;K*X. In Lerms of the mixing measure y defined in the
text, the present limits from the final states (1) and (i1) are y ¢ O.IZRG) anld
x ¢ 0.1335) from F*O_ annthilation experiments at PEP and PETRA, respect tvely.

+ T8

- o
Preaent data from the CERN collider for the process pp - ptp‘x )

! IR L L O.N:?
There are no limits on x fram the process (1ii} yet. Our conclusian is that with the
targe bottom statistes expected at LEP, it would be possible to test P mixiugs tn
all these final states at the lewel x » 0.04, sugpested by the TAT data. The corpes
lation (111} 13 sensitive only to the B:-ﬁ: mixing andd A positive measuremenl of

would confirm Lhe stamdard model predictian rg »> rg.

The third category of effects at LEP are related to CF vialatlos in thn

bottom hadron secter. These were reviewed in sectien 8§ and involve measurement s of

++ -
- N + - - t ot -
Y ~-—= in the process e e > bh +» 11K, 11X,

+ N

=

efther the charge asymmetry a =

= |

or else differences in partial decay rates. The guantity which detrrmines the rales

viv e dhey

_TS_

for the former is the total charged asymmetry ———— = Zay (i-x). We estimate

this Lo bhe ¢ 10-q in the standard model whicl makes 1t unsccessible at LEP with

reallstic running time. The differences in the partial rates AW and ﬂWlt). delined

in the text, could be as large as 107 1in some specific channels ef bottom hadrons,

Unfortunately, most of these partial modes have small branching ratios <

0(10_3 - 10'"). The ability to reconstruct bottom hadrons in specific dreay modes

18 gning to be of cructal importance here, Realistic estimates would have

0(106 - 107) bh events for CP vielation to be measurable in partial decay rates,

given a gond bottem hadron reconstruction effictency. There are a nomber of non-
++ -

N - N

standard scenarie which c¢ould enhance by an order of magnitude, as well as

Nz1
enhance the asymmetry in other CP vielating partial rates. This would bring CP
violation measurements within the reach of LEP experiments in long and dedicated
runs over several years. It will not surprise many of us if CP violation becomes
the Achilles heel of the standard model. LEP experiments are certainly well

aquipped to take an ailm at that!
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Fermion Np ar \{
Ve, Vs Vx 1 1/7 1/2
2
e, Uy, T 1 -1/2 ~1/2+2stn By
2
v, €, t 3 1/2 1/2-4/3sin 6y,
2
d, s, b 3 -1/2 | ~1/2+2/3%1n O,

Table 1: The coefficients Ng, ar and vg in the standard model

of electroweak interactions.

Decay mondes BR(Z) | RR(Z) | BR¢Z)
(1) {11} {111)

) 6.3 6.2 6.1
e+e = u+u— =Tt 3.1 3.1 3.1
dd - ss 14.4 | 14.4 | 14.4
bb 14.3 14.3 14.3
uu = ce 11.2 11.2 1.2
tE 6.3 6.5 6.7
Teor (2} (GeV) 2.69 | 2.78 2.92

Table 2a: Branching ratios for the decays Zo 3 ff and the Zo decay
width tncluding O{Gg) and mass corrections. (1) m, = 92 GeV,
sinzeu = 0,23, (41) my = 93 GeV, sinzew = 0.225%, (i) my = 99 Cr¥,
sinzﬂu = $,217. All entries correspond ta bLhe values my - 30 GeV,

AfS = 0.2 GeV with ne = 5.
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Decay modes BR(T) | BRI | BRUD)
(1) (113 | (41D
wu 6.5 6.4 6.4
ete” =Ty = 3.3 3.2 3.1
dd = ss 14.9 | 14.9 | 14.9
bb 14.8 14.8 14.8
oo o= e 11.6 11.6 1.6
tt 2.8 3.1 3.4
Cror (Z} (GeV) 2.59 | 2.8 | 2.82

Table Zb: Same as table Za except

for my = 40 GeV

Nacay modes BR(Z) | BR(Z) | BR(Z)
1) {i1? (iii)
vv 6.6 6.5 6.5
11 3.3 3.3 3.2
dd = =% 15.1 15.1 18.1
bh 15.0 15.0 15.0
i = ec 1.8 11.8 11.8
tt 1.4 1.7 2.0
Teop (2) (GeV) 2.55 2.64 2.77

Table 2c: Same as tahle 2a except

for m. = A GeV
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Fermion ag Standard My (GeV) | ome (GeV) K31 Le Ze RREr}
Model z
4.8 1.5 ¢.868 ¢.427 3.0758 13.9
u 0.50 £ 0.03 0.5 1.6 0.872 0.390 2.R87 14.5
d -0.49 £ 0.05 -0.5 1.7 0.874 0.353 2.7%33 15,1
S 0.55 + 0.17 6.5 1.8 0.878 0.318 2.018 15.8
s - ~-0.5 4.9 1.5 0.8p7 0.439 3.203 13.7
b ~0.54 ¢ 0.12 -0.5 1.6 0.871 0.402 7.812 14,3
t - 0.5 1. 0.874 0.3khA 7485 .0
e -0.49 % 0,03 -0.5 1.8 0.877 0.271 11 ' i
W -0.51 % 0.0% -0.5 5.0 1.5 0.868 0,401 3.3 13.5
T -0.44 = 0.07 0.5 1.6 ¢.871 ~ 0.414 2.937 14.1
1.7 0.874 0.379 2.5175 14.7
1.8 0.871 0.344. 2.7247 15.3
Table 3 : Present status of the axial vector coupling 5.1 1.5 0.868 0.462 3.454 13.4
constants ag and the standard medel predictions {(frem ref, (49)) 1.6 0.870 0.426 3.06 13.9
1.1 0.875 0.739% 2.696 14.5
1.8 0.876 0.356 2.361 15.1
my (GeV) [« . K. ' 5.2 1.8 0.868 0.473 3.574 13.2
S 1.6 0.871 0.438 3.181 13.8
4.8 0.855 1.369 1,128 1.7 0.873 0.403 2.813 14.3
4.9 0.856 | 1.365 1,124 1.8 0.87h 0,367 2.474 14.9
5.0 0.857 | 1.360 1.120
5.1 0.859 ] 1.356 1.116
5.2 0.860 | 1.352 1.120 Tabkle Sa: (CD rorrection factor in Otag? for the semileptonic deeny
width, Kgp, and the functions o and 7, defined in the text for the
b~ ¢ transitions. Alsa shown are the semileptonic branching ratias for
Table 4: QCD correction factors for the non-leptonie Lhe b-quark decays.

drcay wirdth of the battom quark.
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mp{GeVd | my(GeV) Kgr, Ly Ly Modes Widths f: BR{Z)
4.8 0.3 0.018 0.793 6.931 £ > beve | 0.79 ,vbt|2_ 10.7
0.4 0,823 0.779 f.169 S by, | 0.79 Ve |- 10.7
0.5 0. 827 0.761 5. 968 5 brog | 0.77 Wil 10.50
0.6 0.831 0.738 5.731 > bud 2.38 |Vbt|2 32.4
A9 0.3 0.817 0.793 6.387 s bus | 0.13 1Vl 1.1
0.4 0.824 0.782 6.235 > bed | 298 1pe!® 3.9
0.5 0.828 0.764 6.039 sbed | 0.12 |Vbt|2 1.1
0.6 0.832 | 0.7az | 5.810 s wbe | 246 Vpel IVpel” | 7-5x107
5.0 0.3 0.817 0.794 6.442 > sevy | 0.87 Vegl ax107"
0.4 0.824 0.784 6,297 > spvy | 0.87 :vtslz ax10”" .
0.5 0.829 0. 767 6.109 s sTug | 0.86 Vgl 2.9%10°
0.6 0.832 0.745 5.805 samd | 268 Wl 9 1x10™
5.1 0.3 0.818 0.796 6.49% v sun | 0.4 Vel AeBx10
0.4 0.825 0.786 £.357 s scs | 2.0 Vgl 9.0x10"
0.5 0.829 0.770 f. 175 > scd | 0.13 1Veg! 4. Tx10"°
0.6 0.833 0.749 5.957 + dx 8.9 Vgl ¢ 1x10 7.
5.2 0.3 0.8720 0.798 6.550
0.4 0.826 0.748 f.414
0.5 0.830 6.773 6.7238 Table 7: Reduced Widths, Fi- for the top quark decays as defined
0.6 0.833 0. 752 £.027 in text and the expected branching ratios, fer my = A0 GeV.

Tablr Sb: QCD corrections factor in 0{&g) for the semileptonic

decays, Kg, and the functions L, and Z,, defined In the text for m (GeV) | Zp Zg Et
the b » u transitions.
30.0 6.69 | 8.17 6.71
my (GeV!) c+ €m K. 35.0 7.07 | 8.19 7.09
40.90 7.34 | 8.20 7.36
30.0 0.933 1.097 0.951 45.0 7.51 | 8.20 7.53
35.¢0 0.962 1.080 0. 746 50,0 7.65 [ 8.21 T.67
40.0 0.958 1.067 0.943
45,0 G.974 1,054 0.940
50.0 0.978 1.045 0,730 Table 8: The functions Zy and Zg and the

Table 6: QUD correction Facters for the non-leptonic deecays

of the top quark.

reduced width ft for the top quark decays
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Decay Mode | Branching ratlo (1)
£ 2 0lx at.4

» 11x 42.8

2 21x 14.3

+ 3x 1.5

-4

+ 41x Z.8x10

+ 51x 3107
H1/e> .76

+
Table 9: Branching ratle fer the decays t 2 (nl x) using

the measured semileptonic branching ratios for the bottoem

S £
and charm quarks and T - 1 vide.

Decay Modes cc bb tt 2:
[
Z o+ 11x 3.7 6.2 .0 10.9
+ 21x 0.46 | 2.27 .85 3.58
+ 31x - .49 aa .87
+ 4lx - .034 .09 0.124
> Glx - - 011 ¢.01t
4 -4
+ 61x - - Bx10 fxi

0
Table 10: Branching ratios (7} for the inclusive derays 7 = nlx

© - - -
tn=1,...,6) from the decays Z =+ cc, bh, tt o ulx, for m

A0 eV,

- 89_

Modes Branching Ratins (Z)
[+] -

B o+ KX 55.0
o +

D 2K X 9.5
s KX 30.0
ot &'y 6.5
Froa Ky 20.0
+ +

F©oa K 30.0

Table 1

mezon decays D,F 2 XK X used In the calculation.

1: Inclusive branching ratiog for the charmed

s Elx [k | Eretrr | PO [ x| TRxx sk
0.0 | 35 735 [ 0,045 420 1000 3640 0.41
0.20] 8% 71§ | 0.075 ATS 955 3620 0.34
0.30f 90 680 | 0.130 525 935 3600 0.28
0.401 105 665 | 0.16 540 925 3595 0.25
0.500 115 655 | 0.175 570 900 3590 0.23

5 -
Table 12: Extimated rates based on 10 bh events for the prodoction of dilep-

ton and lepton kaon kaon states in e+0— 5 bb - 1] X, 1IKKX ¢ 1 =

93 GeV with cuts described in the text,

e+ o) at Js o=
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