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Abstract:

» The theory and phenomenology of heavy quark production and decays at LEP
HEAVY QUARK PHYSICS AT LEP

A, Ali
Deutsches Elektronen—Synchrotron, DESY

an. SLC energies are discussed. We particularly emphasize the bottom quark physics
because 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

Hamburg, Federal Republic of Germany + =
also for experiments at lower e e energies.

Contents
1. Introduction

1} Introduction + -
The past and present experience with e e storage rings as precision tools
in the studies of heavy quark physics strengthens our hope that LEP and SLC would

+ -

2) The standard wodel predictions in e € + hadrons

2.1 Hadronic cross sections, Gpor. and the forvard-backward charge asymmetry, continue this illuminating tradition. This hope 1s certainly well founded since one
f

AFB- . .

2.2 QCD and quark mass corrections to o(e e = y,Z » X) and App.

exXJeactd a cross section for e+e_ -+ 20 + thadrong, leptomns} of ~ 30 nb at the Zo-peak,
¥s = my = 93 GeV. With an estimated integrated luminosity of ~ 100 pb-1 in a

& 0 1)
2.3 Weak decays of heavy quarks typical year at LEP, one expects per year 3 x 10 Z events . Thus, the interest

2.4 Semileptonic decay distributions of heavy quarks and hadroms in LEP lies primarily in its capability of studx}ng rare processes. This aspect has

; 2
2.5 Top quark polarization effects already been emphasized in the context of Higgs and Higgs - like particle searches !

We wonld like to concentrate here on the heavy quark physics, especially the rare

3

-

The Cabibbo-Kobayashi-Maskawa Matrix provesses in Lhe weak decays of heavy quarks.

4) Weak mass mixings and their implicaticns at LEP . Let ns briefly take stock of the situation in weak decays of the charmed

4.1 Do_ﬁo mixings awml bottom hadrons. As of now ~ 83 I of the EO and ~ 88 % of the D+ exclusive
4.2 8°-8° mixings decays have been measured, mestly from the ¥ (3,77) decayss). The imclusive mea-
4.3 Inclusive dilepton rates in e+e_ 2 bb + 11X surements of the processes (DO, D+) + K*X, their semileptonic decays as well as mea-
4_4 Weak mixing effects in the forward-backward bottom quark charge asymmetry surements of a large number of Cablbbo suppressed decays have put the Cabibbo - GIM
4.5 Weak mixing effects in ateTe” » 15FKT0 current in charmed hadron decays on a firm footing. The inclusive lepton spectra
4.6 Direct and induced mixing effects in top hadrons are well reproduced by the QCD — improved quark decay modelq). The experimental
situation about the Ft decays 1s pot qulte as satisfactory. There are only a few Ft
5) CP-violation in bettom hadrons and prospects of measurements at LEP dvcay moides established and even inclusive measurements of the tyﬁe BR(F’t -+ I*KJ,
BRCFT x*x;, BReES nX) etc are not yet measured. This clrcumstance is both due to
6) Summary and conclusions : the relatively small statistics of the e+e_ -+ F*X sample as well as due to the formi-
~ dable hackground from the much more frequent processes e+e— 3 DOX. Dtx. Since, one expects
a bhranching ratic HR(ZO 5 €C) = 11 % 1o the standard model, this would lead to
* Tp be published in the proceedings of the LEP-Physics—Jamboree, CERN, Geneva, O(IUS) eventys of tle type Zo » CX » th in a typical year at LEP. This iz large

Switzerland.



rnaugh a sample to address detailed questions about Ft docave. However, he read
diffrrence at LEP and S1.C and their counterparts at PETRA and PEP lies o the
improved vertex detectian capabjlity at LEP and SLC with Lypienal resolat fone of
OI?O)pq). This should pravide a reasonable detection cfficiency for the E} metnTs

at LEP" and SLC, something which is missing in lower encrgy e+ roopxperiment ot

PEP, PETRA, CESR and DORIS. The interest in tagging the F+ , oapall an its ovn
0
I

right, is also due to the expected decays of the bhottam mezons anel weah mixings

0 =0 . v] + 6) . +
g ¢» Bg piving By » F X . Thus, an understamling of the I decay propettyes

and an tmpreved detection effliciency at [EP and SLC would be sl a premimn,

There is another fatent intsarest in the stwlies of Uhe charmed meson
decays, namely in the D0 — 50 oscillations, The present hest limit on the

- - —ar?
probapliity of DO - DO oscillatlion is: P(DO LS DO) ¢ Aa.7x10 { ). Wi o wxpert

some improvement on this limit by the ongeing experiments before the [FEF turnen. In

0 ) o~ ﬂ(10nJ). thaugh there i cowsi=
n
derable mmcertainty in the numerical prediction doe Lo pen-perturbative effects

the standard medel one expects Prob. (DO D

large number of events in the process 20 - DOX and the sizeabie detectjon rfFi-
) 4 .
c¢iency for the D mesons at LEP and SLC experiments should make it possible to

0 0

detect. N7 2 ﬁ mixings at the 10_3 lTevel, The vertex detection pfficiencics for

the charmed and hottom mesons at LEP are disecussed separately by R. Settles in oa

a
companion report

Turning to the present status of bottom hadran decave, probably the most
sipgnitirant resull so far has heen the measurement of their averapge Titet e,
<rpy = 4126 2 0.1R) X 10_12 gec. The long boltom Tifebtwe is 2 boon for LIT aud
SIC experimemt s and would enable Lhem to detect bottom mesons atoa rathe ERHUS
some rate tsen refs. (9) and (10) for calenlattons of detection efficivneres al

LEP auml SLCH. The other significant information from the CESR awd DORIG experi-

mepts s Lhe present upper limit on the bottom quark coupling const ant rat jo:
113

R = Mebaulup)/Cithaelugr <€ 0,08 2090 7 confidenee level ) Codn oaddgtron be the e

clurive meastrements, the experiments at CESR and DORIS Liave pul uppes bonubs onon
nmber of two - body or quasi two - body decaya of the Rn and Ri mozoms, Which are
typically at the level of 0t10_?), for example ﬂR(ﬁO Bl u+n-1 < 0.07 111). T'or the
Cabiblo - Kebavashi — Haskawa (CKM)IZ) attowed Lrapsition L » ¢, the jeclocive

measurements of the seafleptonie hranching raties and deplton specters e an aprees

mraf with perturbative QCD - improved quark decay modei. On the of ey dopeto e

Bg moson has vet to be discevered. The discovery of the Bg meson and the antici-
pated large Bg e ﬁg oscillation may have to walt the onset of the LEP and SLC ma-
chines, thaugh we do expect significant advances elsevhere on these fronts in the
intervening perlodls). Extrapolating in time, probably the mest important questinns
tn bottom decays at the time of the LEP turnon would be the determination nf the
CKH suppressed transjition b » u, the observation fconfirmation?} of 82 - ﬁg
osciliation, the measurement of individual bottom hadron 1Lfetimes and semilrptonic
branching ratios. Since the branching ratio BR(ZO 3 Db = 15 %, we expect a product-
ioen of O(togl bottom hadrons per detecler at LEP per year. This should enable the ex-
periments at LEP to study mest [f not all of these questions, Whether one wonld be
able to detect CP violation in bottom hadren decays is a question that depends on a
number of fertunate circumstances. Dedicated LEP runs over a long peried, however,
would provide the statistics and the measuring environment to at least meaningfully
probe the predictions in several extensions of the standard model in the CP vielation
sector. In most extensions of the stdndard model, the CP vielation effects in the

14,
bottom sector are enhanced .

The standard model predicts a sixth quark, top, to complete the bottom
doublet. Present evidence for the top quark is rather fragile. The UAI - collabora-
tion have reported evidence for a signal in the capnonteal topology expected in the
t-quark decays with the mass in the range m¢ = 30-50 Gevls). The top landscape is
otherwise flat and it is virgin land for expertﬁﬂntcrs at LEP and SLC. Obviausly, if
mg > myy5 . then top will not be accessible in the ZO decays but enly in the higher
energy e+e_ continnum where the tt cross section iz not large. For m ¢ LY there
certainly is some phase space suppression in top quark production rates. These rates
have been estimated by the working group on teponium phyﬂicsiﬁ), which we have al:n
used here. We shall restrict ourseclves here to some of the interesting imgues in
the decays of the top guark. In the CKN medel, the present hatre! an Lhe mabtrix
element Vi and unitarity predicts IRl 22 Vg2 1 Vel The ot o v vt eyt
would be pessible to measure the trapsitions Lo 5 and t » b oat LEP, leading to an
independent determination of the matrix clement Vg and Vp4. Since Veg is already
known in the CKM model via the relation V:S =1 - Vﬁs ~ Veg » thigs wounld provide
a check on the 3-family CK¥ model. The method to determine Veg is through
the measurement of the 1t energy spectrum in the semileptonic decays t sl4u1,
which would result in harder momentum spectrum compared to the decays t = bl*ul

z
However, since already [Vigl/iVepl ~ €03}, where X = <inf. , measuring this ratio



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

regpect.

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

17
inelastic vy and up data 18 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
tmgy - moq) + g tmyp, = mL)ﬂ < (310 GeV»

where the notation is obvious. This gives a fairly large allowed mass ranga for the
search of heavy fermions. If the heavy ferm‘vn mass mp €< Fpaam - then et man

chines would be suitable tools to produce these fermions and stiaiy thelr properties,
We shall, however, restrict ourselves to 3-families and refer te detailed calou-
lations presented in refs. (22) and (23} for phpnomenologiral implicattons of heavier
than?quark production at LEP.

Thiz paper is organized as follows. In section 2, we discuss the pro-
duction cross gections for the process e+e_ > ¥,z 2 ff and review the forward -
backward charge asymmetry. The cross sections estimates take into account both the
perturbative QCD correctiens in Ofafy} as well as the quark mass effects for heavy
quarks. This then provides the branching ratios for 20 + ff. We review the pragent
status of the weak decays of heavy quarhs, presenting estimates for their lifelimes,
gemileptonic branching ratios and some exclusive decay medes of the
bottom hadrons which have a special theoretical interest. We alse discuss the
perturbative QCD corrections to the ]t energy spectra in the semileptonic decays of
the charm, bottom and top quarks and present & method to determine the ratie
Vby / Vpe 1n the continum e'e tor on the Zo pole} through the 1* transverse -
energy distributions. In section 3, we review the present status of the CKM matrix
elements and the potential of LEP experiments to determine some of the undelermined
entries in the CKM matrix. In section 4, we review the theory and phenemenology of
B-B nscillatlonslg). We present rates for the dilepton final states Ln the deeays

0 - it + - 20y .
2+ bbb+ 171'x, 11x and for the inclusive lepton-kadn-kaon final states in

..6..

+ - 0 + % F + % % 4+ -

ee +vy,Z 21KKx, 'KKx, KX x, which also provide useful signatures for
the Bg - §s oscillations. In section 5, we briefly review the prospects of CP-vio-
lation in the bottem hadron decays, remaining mainly in the standard medel frame-

6 14 22)
.

work and briefly mentioning variaticens on this theme ' . Finally, section &

contalns a brief summary and an outlook.
2. THE STANDARD MODEL PREDICTIONS in e+e_ » HADRONS

2.1 Cross sections and the forward backward charge asymmetry

We start this section by reviewlng some of the standard formulae for the
processes e+e‘ > 20,7 > ff where f is either a lepton or a quark. In the Born
approximation, and ignoring for the £1ime being fermion mass corrections, the diffe-
rential cro=g section {averaged over initial and summed over final spins) can be
written as

do - - nazoi Nel(l + cosze)

tete” 2 2,y + £F) =
dcosg ) 23

z -1
AaQpNeGp(1 - s/mz D
w2

2
[ vevf (1 + cos 8) + 2p.agcosB ]

Gp NgsD
, GF Ngs

2 2 2 2 2
16 (Ve + 8o )Jlvg + ag )(1 + cos 8) + Zagagvevscose (2.1}
n

whare D = {1 - s/mzz)2 + (Fz/mziz, Qf ig the electric charge and the parameters of
the standard model ag, vg and Nf are glven 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 0
j dco%ﬂ - j deast
dcosB dcns@
o -1 (o)
£ 0
AFB =z 2 —Te) (2.2
1 0 9
da da
f —— dcos® + J. —— dces
dcosé dcosd
[ -1

The numerator in the integrated asymmetry, Ag, and the cross section, op, in the

denominator are given by (the superscripl (0} denotes lowest order)

({1} f f
= +
¢ Sy * % (2.3
A(0) - Af . AF
f zY 27
vhere
2.1 2 -1z 2 ?
of . 4 naZQZN _ 4xQeNgGptt — s/m; 70D vevs R CpNgSh vl + a,)
w 3s tF 392 in
c ZN wt
> ] z 2 2
U;A = _E_Ei____ apive + ast (2.1
af = i NeG(1 fm,
o - 12 QpNeGp s/my Agar
¢ ZN-
2 -1
af = £ f g ApafvaVe
zZ on ,

from where it is straightforvard to read eoff the expressions for the cross sections
2
and the asymmetry. Distinguishing here between the (i} PETRA/PIP range s << m, and

] 2
(11} at the Z -peak, 8 = my , one has the followlng expressions for the twe regiens

4
i s << my

I3 3Gp s af
A ¥ - ——em —————g— g, | T
af2n 1 - s/my ) Of

(2.5}
2 Gy vplQpvg)
o = Q¢ Nf - — Ny —————=2
f e Y LY
wvhere
. - - 4 2
+ + .
T = glee »>ppl) = gsﬂa {Z2.6)
2
(1i1g = my
£ Jagagvevy
AF—B = 4 4 z 4
(vp+ a, Mg + ag }
o 2N 4
: L 2 2 2 z
of = —E——L—%— (v + ag vy + ap) 2.1
enl; B

We will not discuss here the electroweak radiattve corrections, which have
been extensively discussed by the working group on the precision tests of the stan-
243

dard model at LEP

perties of the heavy quarks. To get a quantitative estimate of the production

. Our interest here is mainly in the praduction and decay pro-

¥+ - -
cross sections for e e 2 Z0 + ttx, which in turn effects Lhe branching ratios for
all other 20 decay modes, as well as for the theoretical interpretation of preci-

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

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



+ -
2.2 OCD and quark mass corrections to ole e 2 y,z * x! and AER

We shall first discuss the QCD correctioens to the production cross
gection, ol . for e+e- + Zo E qa . It 1s well kpown that ignoring the quark masses,
the perturbative QCD corrections to the electroweak cross section 0(e+e_ * YT
qax) are the same as for the purely electromagnetic productinn process e+9_ LI
qax. These later corrections have been calculated upto terms of order asza Jong time

25)
agn, giving

(2) 2y, 2
s Q) ag Q)
g = gy |1+ +c2[ ] (2.8
L] ]
where ¢, 1g the point like cross seckion in the quark parten model,
2
na 2: 02 (2.9
Oy = .
° ] q 1
(2}
o {Q ) ts given by the {two-loop) expression
z 2
2y 2 i2n 3(306 - 38ny)  In 1n(Q /AD
3 Q) = 7 - Z 7 (2.10}
s {33 - an)ln(Q /N (33 ~ 2ng) o} /A
and the constant ¢, is given by the followling expression in the so called MS
21
scheme !
c, = 1.98 - 0.115nq (2.11)

~ 1.4 for ng = 5

+ - - + - -
For the massless case going over frome n 3y + qqx to e a2 v,z *qqx amounts to
replacing o, by T which is given in Egs. {2.3) and (2.4}, Tn other words ﬁjv and
6% are normalized by the same multiplicative facter. Including quark mass cnrrect-

AA
ion splits the factorized form of the QCD ceorrection terms (2.8} inte two different

_10...

multiplicative factors for Ugv and GEA' The quark masg corrections up to O(gg) to

03v are the game (apart from a celour factor cp = 4/3) as the ones obtained by

28 29
Schwinger in QED ). They are well approximated by the expression

z
3 -~ } 4
o ,gq_$fi+5astoz,[L [m] [2_1”1

4n I

—_— 1+ = (2.42)

2 2 172
vhere Bq = (1—4mq / Q)

12n

.
aA3{Q ) =
. 02’5 -4

z 2
331nQ /A wzzln—z—ﬁ%
q A+ qu

12n
33 - 2nqln0 /A

(2.13)

and we have indicated the relativistic limits for s >> 4mq {i.e. Bq 3 1. In other,
H
words, the coupling constant ag(Q )} feels the cffect of only the light flavours.

The correction factor for the GRA part of the cross sectlon s well approximated
30)

by
o 83[1 R B [19 2 1Bz]{n ':Hl

2 - a —— | -yt s (2. 14
A ql 3 ° 2Bq 10 s 1 278 2 An b :

. h . q.a 1 1 :
LI g: [ Rv “vv + RA “AA ] + ;: [ va + GAA ] 12,15
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where the cross section is now ebviously split inte the leptenic amd hadronoic
parts. The expressions for Giv and ﬂ;A are given in eqs. (2.4} together with the
coefficients in table (1),

There are several remarks about the determination of aStOZ! tliat have becn
made 1in ILlterature and we would like Lo restate them here. Suppose my > m., . 10
vhich case the decay Z - tt is forbidden. Then, to an excellent appreximatjion the
total hadronie cross section atete” 5 ¥,7 *qqx) is given by eqs. (2,8}, The OCD
correction term amounts to spproximately A% assuming Apg > 150 Hrzvm}. With the
huge statistics savailable, the determination of GS(QZ) at LEP will he dominated by-
the systematic errorg. These are discussed in detall elscuhnrezq); assuming a ¥ 17
error gn [z or on cle'e ¥.2 * x) will allow n determination of &g within £ 207 in
a mode]l independent way, By the same argument measurements of the leptonic branching
ratio BR(ZO + l+1—) will also provide a more or less comparablie sensitivity to ag.
If mg <m;s9, then the contributien dlie to tt productien hecomes somewhat uncertain.
It has bheen argued ) that including O(ag) corrections should provide a better theo-
retical estimate for 0(349_ Stt) and F(Zo 4t However, the topology of tt events
iz expected to be quite different. This is discussed in detatl by 6. Rudolph in a
separate companion repnrt92 Fxcluding thexe events and calenlat ing n!n‘ﬂ- R AV
qa) for the rest of the hadronic events should again lead to oa determinatb ion of
GSfOZ). Clearly, such a measurement is not entirely inclosive and ae b fona]
systemabic uncertalinty has to he inchided in all sach determinat ions of qcrupl
We have not attempted to estimate Lhe model dependence of nontop tupolopical crozs

sections and leave 1t as an instructive excrcise for our experimental colleagues.

0
We return to the discussion of the estimates for the decay vidlh (67 Yand
0 - o ,
the branching ratios BR(Z = ff), including the branching ratin for 7 -2 ti. Nor-
[ - 0 -
malizing the widths THZ 3 ffY in terms of T(Z = wv), we can express the relative

branching ratins as

] -
T{Z =+ £f

Tz -+ vu}

2 b4
= 2Ng [ vE R{, + afg RR] t2.16)

am;

z 7 (2.1
74sin Oyros B (1 ~ Org)

[} -
and M(Z =+ v =

_1 2_

a3
with Arg = 0.06 whith cerrects for the effect of the renormalization of a ). The

expressinng for Ri are obtained from Eqs. (2,12) and (2.14) by setting ag = 0. In

table 2(a) - Z{c} w: present the branching ratios for the decays Zo + ff for three
sets of values for m; and sinzﬂw. In fig. 41} we show the branching ratic Zo 4tk
as a function of mtso) Clearly, the perturbative calculations for F(ZO 4 LU) break
down if the mass difference AM (Z - tb) is vory small (¢ 1 GeV), since non-perturha-
tive effects become lmportant. He note that in the standard model, with three
families of quarks and leptons, the branching raties for heavy flavour production
are rather large. In particular, we expect BR(Z - cc) = 117 and BR(ZQ 3 bl = 187,
The branching ratioc for the tt mode, BR(ZO 4 Lt), could be as large as = 37 for

me = 40 GeV, where now {ag) corrections play an important role.

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

charge asymmetry. At the Born level, the quark-mass corrections te Ap are glven by

[ (0
9 where 4 ! is given in eq. (2.3). The (g} corrections to Af have

&, = z A
f B f f

33)
also bren calculated . One now has
{Qzl 4
1 X o v '
L% o, (q

I )

2 (2.18}
1 q a "F g F ey

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

7 propagator interfering with the photon propagator giving,

NG -1
AZY " T GF“Oeoq“e“q [ rZ/mz ] D (2.1%
The functions rg and rp are shown in fig. (2) a=z » fonet o ot - U Vs
pointed out inm ref. (33}, the Otag} correction terw io ATERLINUS L2 18 e rat her

small. However, sinee 6q changes subsisnlially for ﬁq << 1, the forward=backward

asvmmelTy A = —°  also changes substantlally for the heavy quarks in the saae
h Y Aqg ¥ d

Ufl
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limit. At the Zo-pole, however, this effect 18 expected to be substantial only for
the top quark. In fig.3 we show the effect of the change in the asymmetry\for the
tep quark for m = 25GeV as a function of the centre of mass energy. The interest
in fig. (3) is twofold. First, the determinatien of the heavy quark rlectroweak
coupling constants have to be corrected for the quark mass and Otag) 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-
sequent 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 in e+e- 2 bb » 1*x has been advocated as a possible place to detect such
mixingssq), it is impertant to take into account the corrections we have just dis-

cuased,

Before closing this section we reiterate that the measurements of the
total cross section and the asymmetry in regions (1) and (ii) are sensitive to )
different pieces of the standard model couplings. This is obvious from Eqe.(2,3-
(2.7). In table {3} we have collected the present experimental informatinm on the
gtandard model coupling constants and their expected values.

The axial vector coupling constants ae,au,au and ad Rave heen weasnred with
a typical error of #107 at lower encrgies. The errorv on w,a" and A are sLill
large. Hopefully, more data from PETRA and PEP should also render measurements of

aT'c’b at a comparable level of acewracy. There ig practically no information avail-

able on a% for lack of a proper signal of the s-quark, and on at for ohvious rrasons,
,

Turning to the measurement of the vector coupling constants V1

, there have heep very
few attempts in the past to extract them directly from data. Tnstead, almnst aluays
regults are presnted in terms of sinzeu. It would be nice to have meazuremrnts of
va- The present status of the leptonic vector coupling constants 1s summarized in
fig. (4) where the product VeVy and vevy are presented from theomvnsurcmnnts at.
PETRA and PEP energies. The forward-backward asymmetry at the Z peak allows
measurements of the coupling constant product agve as cap be seen from eq. (2.7) and
0f measures the combination (v? + n?). Thus, meagurements of A;B and o at the Zo
peak would determine ag and v¢ individually.

_1 q_

7.3 Weak decays of heavy quarks

We shall briefly review here some of the salient features of heavy quark
decays, vhich are relevant for studies at LEP and SLC energles. In the standard

model the weak decays for heavy hadrons are governed by the Hamiltontan

Hy = i [ Y40 0y + hec ] $2.20)
¥2 + ~p

with the charged weak current given by

The leptonic and the quarkonic currefits have the familiar form:

L (e s e ) (107 ) (00

Le
I

= i =N

pr = [ u, ¢, t ] Yy { 1 - vg ] v [ ] , (z.20)

where V ts 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
+ -
Q»ql v, a9,

to calculate inclusive semileptonic and nonleptonic rates and 1*-momentum spectra.
The short distance part of the strong interaction corrections are then taken into
account {n QCD perturbation theory. This gives two types of corrections (1) genuine
Otag) perturbation theory corrections to Tgy, Ty and (i1} renormalization of the
bare Hamiltonian for the non-leptonic interactions, Hyy . We discuss the correct-
tons of type {(ii) first, The renormalization group improvements lead to the multi-

& 35
plicatlve rensrmalization of the eperators 0 , glving '



_] S_
ff _ CF my Ry,
WY = =t e [ ty, — ] 04 * Co [ a., -2 ] 0 (7.92)
N 42 { * s B * s m
with
0 - UVD ] { vty ] " [ ivu ] [ vt D]
+ 75 [ L L L L

where [{D} denotes the upidown)-type quark arrays and (ﬁDlL T Yu(i - Yg)D. In the

34
leading leg approximaticn, one has !

12
} 33-2n¢

2 2
[ = [ oty Vagti, )

1492

C+

wvhere jt 18 a reference mass scale and ng is the number of flavours (ng = 4,56 for

c,b and t decays, respectively), Clearly, the values of C4 are flavour (and quark
a5
ass dependenty. For A = 0.2 GeV, numerically )

codm. = 3.7 GeV) = 1.7 (2.2%
c. tmp = 5 GeV) = 1.4

c. tmp = &0 GeV) = 1.07

This is to be compared with the free—quark decay result o, = co = 1.0, Thos, for

the top quark, rennrmalization group improvements In ry are ool very significant

The genutne O{&g) corrections to the partial widths Fgp and Ty have also

heen caloilated. For semileptonin derays one has the reanlt

—16-

(0
SL Sl

a
The correction factors of type (i) and btype {11) for Typ together give

2 4 m, m m
fooTy A | Wqql 1 ( mai, e a2 |
SO R, w ' n ' mg

2 2 z
[ A ] . 2 agt ) , [ 0 ]
_— + = Sty i
* 3 3 n Q *

E FNL NL
G z 5

where Ty = K
192n

The phasc space factor Ii(x,y,2} 1= given by

K

(2.24)

(2.25})

2
{1-2)
dr, z 2 2 2 2 2
Hox,yaz = 12 | il EEEE N RS R L T RPN
{x+y) N

VA 21172
where W(a,b,c) = [ a- [ Jb + Jc ]'] [ a -{ Jh - Jc]_]

{2.267
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and X,¥,2 = 1 =1,2,3,

212

For vy = z = 0, the function I(x,y,2) has the familiar form

2 [ [ 8
Itx,0,0) = g(x) =1 - 8x = 24x lnx + Bx = x

In egs. {Z.24) and (2.25), we have introduced the multiplicative QCD correction
factors Kg and Kyp for the semileptonic and non-leptonic decays, which represent
the cumulative effects of all QCD corrections to the widths. The phase space
functions gi(x) and fi{x} are shown in fig.(§) for 0¢x<0.5, which 1s the range of
interest for the t,b and ¢ decays. The functien hqto,ct), which enters the pon-
leptonic decayé, has actually been calculated for Mgy = 0 and s0 the quark mass
effects in the QCD corrected form have been approximated by the free-quark decay
expression. The numerical accuracy of this approximation has still to be checked.

27
In the limit mgy = 0, the function h{0,ct) 1is given by )

31 19 z z ( z, [« 35 z) 2 z + 2
2 c- - ¢ a - Cy Pt C_fa
PP LN L L e (2.2
4 4 2c4 ¥ ¢ as(mo } 20, ¥ -
whera
[ Y741 5 ] 1 [ 51 19 ] 1
=] - =+ -np - + - — g | 2
P+ 24 9 T )b, s fl,
[ 263 10 ] 1 [ 102 a8 1
_ = — =T n - + - Py n 7z
i 12 9 T, s f )b
33 - 2n¢
b, = [A.___ ] (2.28)
1 3

There is considerable amount of uncertalnty in the determination of
the renormalization constants c* because of the choice of the renormalization
scale y. A reasonable choice of p is probably the parent guark mass and all aur
calculations are based on the assumption p = moas). With this choice of p and
Ayg = 200 MeV, one gets Kyp{charm) = 1.46, The values of cy and Ky for the bottom
quark for the experimentally allowed bottom quark mass rangegg) 4.8 GeV ¢ my ¢
5.2 GeV are given in table 4. Typically Kyp (bottom) = 1.12. The corresponding quan-
tities for the top quark in the mass range 30 GeV ¢ mp ¢ 50 GeV are given in table b,

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

The Olag) correction factor for the semileptonic decay Q * qlvp depends on
the mass ratio Ma/mg - For the charm quark decays, mg and Tc—have beentdetermined
by the fits to the lepton energy spectra in the process e e - ¥" -+ 1" x. This
gives Kgpfcharm) = 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 » clvy decays Kgptbottom } = 0.87. The corresponding
K-facters for the CKM supposed decays b » ulw) are shown in table Sb for 4.8 GeV ¢
my € 5.2 GeV and 0.3 GeV ¢ my ¢ 0.6 GeV. Typically, Kgr (b » ux) = 0.82. For the top
quark decays the semileptonie K-factors are:

KgL ‘mg = 40 GeV) = 0.89  for t » bluyy
= 0.87 for t » 5lu
and t 3 dlyny t2.29)

The dependence of Kgp on mc in the range 30 GeV ¢ mp ¢ 50 GeV is very mild

and we don't show it explicitly here. However, we have taken this variation into

account in raleculating ["(top) and the semlleptonic branching ratio BR{t ]i).

We remark that the QCD corrections we have been discuszing sn far pertaln

to the free quark decays only. How ahont the flnal stale interartions, like for
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+ 40
example the interference effectg discussed for the D7 decays |, nr ollher non-
41

spectator mechanisms, like for example the annihilaticon mechanism ) important for
]
I decays? That these mechaniams are numerically important for the charm decays is
well established through the ratio of the life-times:

r(D‘)

—o- = Z.0% 0.2

™D

. 2y
and that of the semileptonic branching ratios

p* > e'x +0
o = 2.3
D +ex -0

*0.1

s}

We would like to argue here that despite the importance of the nen-spectatar
effects in the charmed hadron decays, their analogues 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 inkterference

effects for the bottom and top hadron decays.

The annihilation of a pseudoscalar meson into & pair of fermions is well
known from the charged pion and kaon decays, (Kt, n*> 3 ptuu, etue. The matrix ele-
ments describing the decay P + f, + ?2 depend, due to the familiar helleity
arguments, on the fermion masses my and P and on the overlap ef the annihilating
quark wave functions 1in the preudnscalar meson. Thus, for the leptonic decnvs

+
P » 17v), the decay width 1s given by

2 ,
z 1¥gq! 2 2 7 n
LS L ) ] (2.301

- t 5
r [ P{=Qq) + 1 v ] =G W, m b= ==z
q 1 ¥ an p MM l

vhere VQq is an element of the CKM matrix and fp is the pseudoscalar meson coupling
constant defined as
< 0laryysQIP > = 1fpPy, (2.31)

For the decays P » fth' the decay width is obtalned from the cxpressinn

2 z
S G2 2 o2 me my .
Fep » £,f,0 =C fpmp tmy + my) Ta >, 7 (2.2
fn ’ my omy,

..1 9_.
where the two-body phase space factor Ia(x,y) is given by

4

{(x -y

IA(x,y) = [ 1 - —Y—] W ey 12.33)
x+ty

2
with xt1,x,y) = {1-x-y) =~ 4xy and the factor C describes the dynamical details:
z 2 ' -
=21 IVQqI 1V 5t for Wi -annihilation P qq,

2 +
= IVQqI for P+ 17v)

2

qz! for u' ~exchange : (2.34)

= 1 1V, 12 1V
4 [+1}

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

are neaded to evaluate the contribution of the decays P » f f,. The constants fp )
have been evaluated In a number of papers using non-relativistic potential models ,
QCD sum rulesqq) and the so called bag models of hadrnnsqs). In non-relativistic
potential models f, 1z related to the wave-function at the origin, W0, hy the

expression

172
Fp = = W | 17,35
mp

- 3 2
where the Q=q centre of mass wave function Wir) is normalized by f d ri®eryl = 1.

In such models, $i10) 13 governed by the reduced mass

p:‘l‘Q_”iq,
Mmeytmy

which approaches the light quark mass Mg for mq/mQ << 1. Hence in the non-relati-
vistic models Win) approaches a constant value as mg increases, which would predict

a decrease of fp as

1
fpad —
m P
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with increasing mp_.Non—rclativtstic moddels are expected to work reasonably

well when both the quark masses mg and mg are not small, like for example in the

£ o + )
B., T, and Ty mesons. The relatlvistic as well as QD corrections chanpe the
numer ical values of fp, in particular the Iatter rorrect fons for the heavesTigh

+ @ .t
, B

o
quark mesons are expected to be significant, like for example in D , D, B
o
T, and Td* mesons. The presenl theoretical dispersion in the estimates of FP is at
lenst a factor 2, with most models predicting the follwing values for fp tin the

normalization fy = 130 MeV)

fp  ~ 120 - 180 MeV
fp o~ 130 - 220 MeV
fpy ~ 80 = 160 MeV
f, ~ 100 ~ 200 HeV (2,56

Thus, wmost probably fg ¢ 200 MeV for the Bdo, But and Rso mrsons, The corresponding
coupling constants fr for the Tz, Tg, Tg mesons are expected to he even smaller.
This would imply that the centribution of the W —exchange and annihilation dia-
grams in P - f‘Fz would become rapidly unimpertant as mg increases. UWe 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. (46), where a much higher value fg = 500 MeV was used to estimate the decays
B~ fth. Some of the two~body decays of the charmed amndd bottem hadrans are quite
interesting in that they provide testing grounds for the hadroenic wave functions,
like for example fp ,and/or provide information on the CKH matrix elements V]j.

We will later presant an estimate of the branching ratios for some of the two

body annihilation modes.

In what follows, we shall ignere the w*nxchnngn and annthilat ion cantribn-
tion in estimating the total widths of the bottom and top hadrons. Likewise, inler-
ference pffects are alse expected to become numerically small doe to the Targe
phase space avallable in the bottom and top decays, while the wave-function naverlap,
whirh iz the aeasure of interference effects, Is expected bto br essentially
constant,. The effect of neglecting the non—spectator contribotion on Ty con he
estimated assuming a model for the hadronic wave function. We shall however not

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

leptonic branching ratios.

In the approximation of neglecting erxchange and interference contri-
a7
butions, the total width of the bottom quark can he expressed as follows

tot 192n

rz 5
Spm
b F ha [ Vie

2 2
Ze * |Vbn| Zy ]

(2.3D
The factors Z. and Z,; deprnd on the QCD scale parameter A, renormalization scale o,
and the guark masses mp, m;, my etc. With A = 200 MeV, p = mp, the dependence of
the function 7, on the masses my and:'m. 18 shown in table 5a. For the CKM allowed
decays and the mass range 4.8 GeV ¢ my, ¢ 5.2 GeV, 1.5 GeV ¢ my ¢ 1.8 GeV, the
funcrion Z. vartes in the range 2.0 ¢ Z. ¢ 3.6, For the CKM suppressed decays the
dependence of the factor Z; on the masszes mp and my 1s shown in table Sb. It shouid
be empahsized that the value of the mass m; needed 1n the CXM forbtdden decays
b > u + x 1s very probably in the vicinity of 500 MeV, since 1L is an interpolating
mass for a welghted average of the hadron masses mg, my, myp etc, which saturate
the u quark chanpel. Tn the next section, we shall discuss that a simtlar value for
m; is suggested from the positivity of thellvpton spectrum, when one takes Olag)
corrections into account. In the range 4.8 GeV  mp € 5.2 GeV and 0.3 GeV ¢ m, ¢
0.6 Ge¥, the functien Z,, varies in the range 5.73 € 7,; ¢ £.55 aml henee is quite

stahle,

The sewlleptonic decay width can also be expressed similarly

2 5
[
.h FMh 2 2
LS O [ |th Le + |Vbu| Ly ] 12,38

whare the factors L, and L, like their counterparts Z. and Z,, for Ykot, lump the
effect of the Olag) QCD corrections as well as the quark mass effacts. For the

quark mass range considered for r?ot , the functiens L and L,; are given in tables
Sa and 5h respectively. Since the present upper hound on the ratie [V, [/1V,.] (s

already very stringent for the purpose of determining FEL and Fknt , namely
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2
iVhyl -2
2P, ¢ ogx107t L

1Vhel

The numerical effect of drepping the 1Vh,| dependent term in eqs. (2.37) and (2,38}
is negligible. The semileptonic branching ratio is given by the expression tkeoping

z
only terms of order |Vy,l/iVho! )

l!bg

2 1. Z
[ u_ -4 ] ] (2.39)
Vhe

Le
BR{b » Ix) = — i+ -
z Le  Ze

C

The numerical values of the semileptonic branching ratios RBR{e) are given in table
Sa. For the qusrk mass range considered, BR{e) varies in the range 13.27% ¢ BRte) ¢

11
15.87%7. This 1s to be compared with the measured branching ratioes )

BR(B » xlvy) = (11.7 % 0.7 at Ti4s)
(12.2 + 0.A)] at PETRA/PEP t2.40

The measured numbers are approximately 157 lower than the estimates presented here.
This represents a falr description of the semileptonic branching raties =ince non-
perturbative effects certainly have to be taken Into acconnt ab this level,

-

The average life—time of the hottom hadrons has also heen measurerd
-12
T = {1.26 & 0.18)x10 sec (2.4

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) hased on

eq.(2.37) and the experimental measurements. Thougl Lhls 18 not a hig deal bat a

gsomevhat preferred procedure 1s to use the measured quantities BR{e} and Tt and the

relation
BR(e)

Tsy (7.4
T
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and use instead the theoretical predictions for gy . This needs a precise deter-
mination of the masses mp and m. , which can in principle be determined frem the
lepton energy spectrum. We defer further discussien of this point te the next

section,

We briefly discuss another method to determine the CKY matrix plemnnt Vi,
+
This involves the decay B = TtuT . The formula far the width is given in cq.¢2.300.

Numerically,

25
f 2z Cpm 4
reet 5 Mo 2 30 [ -2 ] ZEh, |Vbu| (7.43)
mg 197m
which leads to the branching ratie
f 2 tVhy|2
10 [ -b ] ]429|
mg Vhe
BR(BT & tTug) = (2. 80

v 2
[ T * I_DH Zu ]
Yhe

v
using f ~ fo = 130 MeV and b ¢ 0.16, this Jeads to an upper beund
& e, n
Vhe
) + -4 .
BR(R™ 2 T v.) ¢ 2x10 (2.4

which indeed is comparable to the present upper bounds on hatronic twn body decays
* +
involving b + u transitons. The signature of the decay B® 3 1 v, would e somrwhat

striking. One would observe the topolugy

[+ - -
7 2 bb (B) jap + (B)ap
.

Tug

(D,F + om, ...} 12 A0
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resulting in & very. asymmetric hadron energy deposition tn the two jets, The Jet
with Iower hadron energy deposition will have a 1* , which can he ldonttfied either
through topnlogy or in vertex detectors. An association of such topologies with the
decays B* * TtuT however, would necd very extensive analysis due to the much more
copinus Process F* + Ttut and the scemileptonic decays b @ cr—ut, hoth tovelving rt
in hadronic jets, This, hovever, can be stucdied with the help of the rxisting monte
carlo programmes. In any case the final states 1 x in Jets with 1 =e, p_ have

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

S
and we would like to emphasize a good detection ability for 1 x states,

Next, we discuss éhe decays of the top quark. In the CKM model the decays of
the top quark are dominated by the tranisition t » bx. The next allowed transition
t + sx is expected to have a relative branching ratio ~ IVtSIZ/inbI2 - 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= rather
sparse and the present determination of my allows a range‘S) 30 GeV ¢ mp ¢ SO GeV,
We shall take this bound seriously and present calculations for mg in this range.

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

rz 5
t AFMy ok
I = aTl (2.47
tot 192n
vhere the redoced width Ft is defined as
o E: it 12,08
1 1
and the sum is ovar all allowed decay mndes i. The part ial penesd wvidbhs Fi map be
drfined just as the total reduced width T, namely via the relation
Cz 5
M -
- e, (2.4
t 192n i
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The numerical values of f: together with the CKM angle dependence are shown in table
T for the leading sixteen tnclusive partial decay modes, invnlving leptons and
quarks. The branching ratios for all of these partial decay modes are also shown in
table 7 for mg = 40 GeV, Vep = 6.997, Vig = 0.05 and |Veql/iVeht ¢ 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 1s very stable with RR(t -+ 1+vx)
10.77%. The dependence of the reduced width Ft on mg is shown in table 8, vhere the
factors 7y, Zg and 7Z4(2Zg) are defined via the relation

-t 2 2 2
r- = |thl Zp + Ivtgl Zg + lvtdl Z4 (2.50

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

my = 40 GeV the width riot = 17.2 KeV, a number already comparable to the combined
elrctromagnetic and strong widths of the bound toponlum state O(tt), The large width
of Ftot and its raﬂid rise with my has several important phenomrnalogical consequen—
ces for the search of bound teponium states. This is the subjrct of the Haponiom

gtudy group to which we refer for details.

There are several remarks that we Qnuld like to make here ahout top quark
decays. Top quarks are copious sources of tau leptons: BR(t » br'ur) = 10.52. In
additton aince b decays also tnvolve 1* leptons with a branching ratio BR{h -
cr-uql = 2,57, one expects an inclusive branching ratio BR(t - Ttxi = 137. Since Tt
can well be tagged in a good vertex detector, one has an additional method to tag -
top quark decays; < at a large angle from a hadronic jet are not expected from
background precesses. In particular, the processes b 3 Ttux wonild lead to r* with-
in the jet. Next, we note that the dominant decay modes of the top quark are ox-
pected Lo result in the inclusive states t 3 1tx(1 = g,p). This is obvious 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, 114 ltx decays
will result in a very large inclusive branching ratio for t » ltx. In fact even the
decays involving dileptons t 3 lil;x are exproted to be quite significant. The di-
lepton (e + p) branching ratio for the decays t ltlxx is expected to he ~ 147!
This provides another very useful signature for detecting the threshold of the top

auark. We give In table 9, the branching ratios for the inclusive finnl states t o
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+
(n1 Ix far n = 0,..,5. Of course, the actual meazurements would depeisl on the lrpten
detection efficiency and we don't attempl to make a guess abonl them, aince debailed
49y
monte carlo programmes arn available which can be used at LEP vuergies to eslimate

these aeffteiencies,

N
We would eapecially like Lo emphaszize here the decay mode to2 T v, whiien

+
i3 expocted te receive contribution {tom the decays t o Bl uyp + chorpe oo

.
Since one of the Teptons l.e. from the caseade by =0 vy Wil beovess o
will probably not contribute very much to the measimed process toy 10D s Ao
shall discuss later, we do expect substantial weak mixing= fn the Ty ﬁF e bt

which should also show itself indirectly in the decays of charged top mezons T::
L5 > bty
I
= +
By &= Bg + 1 vx
. .+ .
leading to energetic 171 x. Thus, it 1s extremely fmpm tant 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 distribotious of heavy qon e e
manifold. The shapr of the leplon energy distribution is senzilive to Fle Piche]
parameter, py, which for example has the value py = 374000 for the sbandand
V-A(VHEAY current, in 1* - liu]u.r {1 = e, p) decays. The shape of the ]t Spedctraim
in the semileptonic decays of hravy guarks G - q]t“I ig then by analogy with p*
arndl 1* deeays alse sensitive to the chirality of the chargel wveak current . Pujoris
menbal measurements of the inclusive lepton energy spectra for the charmed and
bottom hadrans have led to the validity of (V-A) currents of the standard model
for ¢ and b quark sector. In addition, the tepton energy spectrum in the decavs
Q + qluy is sensttive to the mass of the decaying quark, my, and ba Fhe ratic m/ng
ryvak

In particular, the peak position of the distribution AU/dE], denoterd by is

4
senzitive to mg (Lo a Jesser extenl also oo In‘l/m()!, and The cawl poinl 1 - speatoom

-7

to Lhe ratin mq/mQ. Precise measurement of dI'/dE; Lthen iz a good method to determine

) transi-

bolh mg and mg, and the relative strength of the CKM alleved and snppre
Liens. We shall review here some of the polots invelved in using the inclusive leplon
spectra for determining mg from the tep quark decays and the ratio Vi /Vpe tn the

hot tom quark decasys.

+
In quark-parton model, the 17 -energy spectra in aemileptonic deeavs of
beavy hadrons are calculated in the free quark deray approximat ton from the process

3 . ) ; :
Q » ql vy, The normalized Tepton energy disiribut tons are well knpovn tor oocowl b

50}
decavs

1 Al H N
- —= {xy,r
[y dxe 1:7q .

2
12 101 = x3 -

(For ¢ and b decays) 2.5

1 - xp)
2 2 2 1
TSRS AL [ ] J[ | 2 ] ' [ . ][ | g 2 V!
= T 1t} - - X -r - X A r - Xy
(1 - xp) 1 q 1 1 q 1;!

(for b decays) (~ oo

where »xy = 2E1/m0 v Y T mq/mo and Fo is the semlleptonic decav vidih in the free

aqrarkodeeay moded

2 5

¢ orm z

. oYy |2
;o= Y gt )
P A "m0

max
The maximum of %7 is given by: %y

2
1 = rq , which, for example, has the
values 0.87 and 0.99 for the b + ¢ and b + u decays, respectively, for m, - 8 SRR
m. = 1.8 GeV and my = 0.5 GeV. The corresponding values for the tap quar ke decavs

b+ hluy and ' o> (s,«DToy are ~ 0984 and ~ 1.0 resped ively for m A0 LoV, The

diflerence AxTnx = 0.01% translates Into ~ 300 MeV in Al for F) = 720 GV, (o1 top
’ E Al
deesvs vith mpo o« 40 GeV. Thus, an experimental 1 energy resaful fon in I.i o1

*
hetter than 17 0= necded to measire the diflerence dn the 17 ened potnt ener ey
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spectra in the decé?s t + bly) and t 3 (s,d)lvy. This circumstance by itself puts
enormous limitation on the feasibility of measuring the ratio nf the CKM matrix
elements |V o/Vyepl, more so since one expects IVtS/thEZ - 3x10_3! Given rnough
gtatistics, it certainly is doable but In view of the rates for tep productton, the

peak
1

prospects are not very encouraglng. The quantity x is sensitive Lo the mass mgy,

and tn the free-quark model it is glven by the expression (for i decays)

2 12
xpeak - (5 - rg) - 11+ f4rg + 1 o)

1 6

(2.50

— 2/3

rq* 9

This corregponds to Egeak = 10,71, 11.03, 11.35 GeV for my = 40,41 and A2 GeV,
Peak Gtthin £ 0.10 GeV will
determine mg within & 0.5 GeV. Of course, this is a somewhat idealized situatioen,

respectively. Thus, an experimental determination of E

The experimental distributions depend en the lorentz boost (and hence on the
fragmentstion of t quark + T-hadron), on the polarization of the top hadronsSl),
and on their hadrontc wave functions. In addition ome should take into account
perturbative QCD corrections. The Otag) cﬁrrcctimnﬁ toe the tnclusive lepton
spectrum in the decays () » lix have been calculated and campared with the data from
the W"(é.??)tqa, and T(48) decays. In leading order QCD, the ]t energy distribution

for the standard V-A currents can be expressed as

2
ar 2 Za.(m o)
Ty ‘qu! u[ X1.rq ] . AL I h[ X1:Tq ] ] t2.54)
o dx1 q m

=1l

with the normalization

Xmax

i h{ x1.7q ] dxy = -f[ rq ] , (2.55)
o

where f(rq) 18 gshown In flg. (8. The function h(x],rq) iz in general a conplleated

function for rg ¥ 0. For L 0, it has been calcultated analylically by Cabibhe et

q 4
ai ! for c-quark decays and cerbo ) for b ruark decays. It was shown in ref. (4}

1 dr
that the normalized distribution = — is remarkably stable against O0(ag) radiative

dx)
corrections for mq/MQ # 0, which is the case In the dominant decays ¢ » s, b »> ¢,
t » b. The endpoint spectra in the decays b » u, t » s,d however become negative in
0 =tag). The remedy of this is elther to exponentiate the leading terms for the end-
print spectrum, or else assume that the effective mass of the u and d quark is not
zero but of O(500) Hqu, . For such values of m,, my, which seem 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 potnt out here that precise measurements of the li—energy
h . - -
gpectra can also be used in the continuum e e production, e.g. in the processes e‘e
Q -
+v,72 =+ hbo~ ltx, to study the CKM suppressed decays b » ulvy . The interesting dis-

tribution in this context 18 the tranaverse lepton-momentum distributien,

1 do
g dx

, where x % = ZP% /48 18 measured with respect to the botton jet axis. Since

Tl

. 52)
the angular radius of a hadronic jet shrinks with increasing s , one expects

fairly collimated bottom quark jJets at LEP/SLC energies. Thus, errors on the deter-
mination of jet axis are not expected to pose a severe problem. We guote here from
ref. (50) the corrected expressions for the normalized transverse lepton-momentum
distribution, measured with respect to the parent quark {jet) axis in the decays
Q2 alvy,

® u xmax
1 dN {pr? ng
S1=ef tdp.) Jax Hix,vq) (2.56)
N de } min T H ETH x q
P, ]
T H min
X
where
2 2 172
x = PgeP ., E ? = { pt ]
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min _ 2 2 2z
tPT )H = max.[ 0,(PT1 A ng )IZAPTI ]
LI {(F) - P ]
T1 T'H TH
max 2
= m.A
X mO
1 2
A = 2 (1 - Tq )
[ Y B
32 192
and ¢ = [ 1 ; 13 ] for (h; o,t) decays
mo g(rq) mg g(rq)

Here H = Oa is the heavy (decaying) hadron and I(P¥) is an intrinsic P¥
distributlion function, usnally taken as a gaussian. The function Hiy = P« Pp, Yy ©
mq/mQ) iz given by the expression in eq. (Z.51), for c and t decays, ami eq, (2.52)

2 4 [ [
for b decavs, and the function g(x) is given by gix} = 1-Bx - 24%x lmx + 8x - x

1 N -
The measurements of the distribution ; ;"_T in high energy en AX]RE et
iy

have lad to the determination of branching ralies for b > Ix, which are in gond

G3y
agreement with the measuremeants at the T(4s)}

PETRA/PEP is typically an order of magnitude smaller than at DORIS and CEGR, and this

Present bhottoem hah on =ttt 18t jos ot

fact therefore has limited Lhe scope of the PETRA/PEP experimenls in sctling a mean-
A

irgful Timit on the quantity Vp,/Vpe. However, with an expected ~ 10 Dhottom hadrons

per experiment per year at LEP, detectors having gnod lepton energy resolutions

would be very competitive with experiments at DORIS and CESR.

1 N
With this possibility in mind we show the distributions - ~ -y fram fhe
N dnT
decays b » cl_vl and b » u}_ul in fig. (RY umimy o oo a0 et s bae e et
<p¥) = 400 MeV, a number suggested by the prosent T aata L G ey e e e

the p; —distributions depend on the chotee of the ?nlrinﬁiv-p$ et ron el b s
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the quality of such measurements is nol quite the same as the ones from Lhe Tr4s)

bh » 1tx derays. It should, hewever, be pointed out that the funclion f(p;} is .
mrasurable jndependently in the same experiment, hy for example measuring dn/dpﬁ'ﬂ
and this would eliminate the uncertainty in discussion. A vord of caution about the
relative normalization of dN/dP; (h*ui/bre) An an experiment; it is given hy R

e
CV Ve gir I/ etre) in the quark parton model )
2.5 Top quark polarization effects

In the preceding sections the effecty of the heavy quark polarization on
the prodoction and decay distributions were neglected, For charm and bottom quarks,
the polarization effects are expected to he very small since 1t s predominantly a
pseudoscalar meson that eventually decays weakly. Clearly, the spin=1/2 nature of
the quarks leading ton a (1 + rnszﬂl distrihution for the quark jets is still main-
tained byt the heavy quark decays isotroptically in its rest frame. The distributions
measured in the processes e+e— 3 cc, bb - 1ix, htx are Iin good agreement with the
assumpt ion of neglecting the pelarization effects In the weak decnys of the ¢ and b

quarks.,

Thiz assumption would st11l be correct if the top gquark fragpmentation pro-
* o +
cess U+ T,T , + x were either dominated by the psewlozcalar Lop mesens 7, 0 Ty

.
ete, which is somewhat unlikely, or else If the vectar mesoan T cdecawod v Teet s

[

.
magnetic or strong interactions leading to T Ty, Ta, vhaoh o

* L]
the case for D and B decays. However, thic Iatter sesnnr o s alon vers tets

sinre Lhe hyperfine splitting between T and T' i expeoted to be very smal] and Hhe
M1 tran=ition rate T(T' » T+ y) wonld beecome much smaller compared to the veak decay
widbh F(T. = BK)SH). Thig certainly would he Lhe case for the Lop quark with m 2

30 GeV. This means that the polarization of the top quark will result in a pelariza-
tion nf T. and, through the parity violat {ng weak decnys of T., Wwill be vivohle dn
the energy and anpular distributions of its decay produrts. ITn addition, for the pro-
Cess AP T’fsz1f.(ﬂzi + x, one expects splo-spin correlstion of fects, Teading o
some cohvrence 10 the fragment at ton of top gquark jvtsqh)

It 4s evident from thic disconssion that an addit tonal poaameter, aome v the
degren of palarizat fon that surcivesz Lhe fragmeatal ton process f vortld be needed

ta compare thenretical digtribobians with the data on top quark prodoct ion and
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decays. Of course, f is 2 priori not known, but 1t can be determined by a gingle

measurement, The data from the top quark decays then should he compared with theo-
retical calenlations ineluding polarization effects, with the depolarization para-
meter F. We shall discuss the t-polarization &ffects both in praductton and decays,

borrowing calculattons reported iln refs. (56} and (57).

Top quarks will be produced in e+eu annihilation with a high degree of
pelarizat ion. Deftning the t quark pelarization vector 31 = (P, Py, Py), one has the

57 5A)
following expressions for the three components

1 2z 2 2 2
P, = ; [ Zwvp ag B (1l + cos 0) + 2 ra dvy +oag B ocosd ]
1

me 1 2
- = [ 4 5inB (v ag B cos0 + rp ag ] (Z2.58}
mz Ny

Neglecting y-z interference and QCD loop cérrections the vector ﬁr les in
the t-production plane, i.e. itg normal component Py vanishes. In eq. (2.58), Lhe

frunctions N, and r, are glven by

2 z 2 2 2 2
N, = (vp +ag } B (1 +cos 8 ¥ Zvp (1 - B )+ drg v ag B cose

2ve Ap
Te = —% z
(v + 85 )

2.5N
2 172
B o= {t-amt /s

where ap, vy are given in table {(1}. Both Py and Pr are sensitive functions of mp.

For my net very close tao m,/2, Py is large, negative and anly stowly varying with 0.

The transverse component Pr has a sirong foruard-backuard asymmetry in @. Poth com-
ponents are displayed in fig. (T) for mg = 40 GeV. Averaged over bLhe polar angle,

<Pp» and <Py> are given by
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Zvi a
k> = L Bvead
. N,
3 2
n oM TV
P> = — e lelt (2.60)
4 my N,
—5 0
Te = 0
and the function N, 1s given by
2 2 2z 3 2 2 .
N2 = (vp + A B+ 'évt (1 -~ g (2.61)

The quantities <Pp> and <{Pr> are shown in fig. (8) as a funcilon of Is for mp =~ 40
GeV and the values of the standard model parameters corresponding to set (1} in
table (2).

The component of t-quark polarization normal to the t-quark production
plane, py, mets a nop-zero contribution from interference hetween non-real 7 exchangs
59 i
and real v exchange amplitudes ,, and between Born amplitudes and non-real vertex

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

Py = PytyZy + TRIQCDH (2.62)
one hasz

ihna m,l, mg
Py(YZ) = = — 27— —%" 2 Bsinb (Q, a, Q¢ Aap)/My (2.60)

Gpmy /242 Q@ JaQ

where (.(Q¢) is the electrle charge of the electron (top quark) and the normali-

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

Pt _ heg e o {¢ z, 2 2 . 2 2’ Ne 2.6
NicD = - 3 JQZ sin [ v, toadv B cos® + 2vg, B vp ap (2 - B } / Ny 12.64)
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The dependence of Py on € 1s also shown in fig. (7). The mmerical value of Py is
very amall for all values of @ and 1t {s not going to be easy to measure it. The
effecta.of heam polarization on Py have been studied in ref. (571, where it is shown
that both Pytyz) and Py(QCD) are dramatlcally enhanced fer longitudinally polarized
beams, though in angular reglons of small productien rate. For bthis reason we don't

show them here.,

The measurement of final state correlations among leptons and jrlz requi-
res the knowledge of spin—spin correlationg between t and t. Dropping torms of

2
Q(ra) (=0 for sin 6,=1/4), one has

dd(s,é) do 1 (

a o a 1+ bysy + bysy * byysysy ] (2.6M)

pEp

where the coefficlents of the spin terms are given by

Amy-
by = - —62 8LV [ - Bcosﬂ)ku + (1 + BCOFO)kP } /Ny
- _th
by = —67 Aap vy ( (1+BeosBily, + (1-fcosBlk, } / N,
2 2 2 2
by = [ (ve = ag) B {1 - cos 0¥g,
2 z 7 ' ' 2
- Alvy = B oap) (kpky ¥ Ryl /0
2 2 ' ! 2 ”
- Alvg = a) Bros® {k k, - kyk;) /7 Q ] /Ny (7. 60
where kj; and k), denote the A-momenta of the tnitial state election el pecibion, In

the preceding sectien we have presented detailed distribution based on the unpolari-

zed top quark. Including the polarization of the bt quark, one has

dfits) = dI'(1 + cpsu} (2.67TY
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where df is the differentlal width for unpolarized t-decay. Restricting to the
57)
semileplonic decays t 2 b]+ul, one has)

Fz ; [1 tmy,/ )21 e dy,dQd

il X - X - m m LIt 4 x

ar - CEM L L= e lwl AT (2.680)
128m [I - imp/myr - tmp/myy (1 - xh)J

The vector c can be chosen for top quark as

! 1
S THE R ! [ — Pl, T I P, ] (2.6M
mgp roxp F2 0

and for T deeays

- 1 1 1
] (2.7

Cp=*r 7 | 7™M, -~ .M
me /2 Xi H A M

The treatment of tt produrtion and decays so far is in cloge analogy with,
for example, the one for the process e+e_ + T+T- - ]tlxx, 1th:x disrussed in
ref. ¢61). The essential difference here arises from the imknown mixture of top
hadron polarizatien states surviving fragmentation effects. The actual cross sectinon
is a weighted average of configuratieons In which hoth top quarks are depalay ized,
toor tois depalarized, or no quark ts depolarized, This will happen, for exanple,
for the configurations TTX, (Tf‘ + T.fix anet T.T.x respect ively, Asmieing Lhat a
polarived quark with s, = #1/2 will convert into T“Sz = 1), T‘isz -0, T'faz -1
amel Trs = Q) with relative weights 2:1:0:1 would give £ = 0.5, The combined effec

of production, fragpmentation depelarization, and weak decays can then be expres=cd s

- T2 - .
doginar & dg Dy D { 1 - f (by ey v by oyl + 0 by, c“cy} di¢edret (274

where Dy (DE? is the top quark {anti-quark) fragmentation functien, usually para-

52)
metrized by the Petersen et al, function

4Jﬁt /on
Ditz) ~ ——--—>

1 gr Jz
z[ ! 2 i-z
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2
€~ 0.15(m/myd datete” R B - . .
z = 2E4/ s = Do (8,2) (2.74)
dcosodz dcogd
To show the kind of polarization effects that are expected at LEP and SLC
energies, we show from ref., (57} the effect of varying the e and f parameters on . where, in the coherent picture, the fragmentation function is given by
the primary lepton energy distribution in the process oTeT zo st ot 1 fig=.
{19a}...(10c), It 15 clear that the effect of varying € in the region o ¢ £t ¢
10"3 on dadeT is not very important, however this distribution is rather sensi- DE (6,2) = I dx z: HXX (tt > Hx) p(e), v H‘ . (2.715)
*VH vpu'y My p
tive to the depolarization parameter f. Tn particular, the end-potot spectrum ts My
dependent on f in a measurazble way. This ts a complication worth remembering if wu 'y’
attempts are made to determine the CKM ratio Vpg/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-gection for the production of B in tt = Hx ,
combined effect of the variations on ¢ and f on dU/dElt are shown for two values of starting with a tt gystem whose spin state 1s described by p(tE), vhich is a function
mg = 42.5 and 37.5 GeV. We note that Efeak, which we recall is a good measure of of &, hence the dependence of DE on 8 and z. It is easy to show (in the approximalion eof
mg, though somewhat smeared is still rather sharp. Thug, pelarizatien effects on neglecting p? } that the coherent fragmentation fumction is given by the express-
the lepton energy-spectra, thotigh by no means small, still leave the shape sensi- Lonsv)
tive to mg, and a good measurement of agg; could sllow a determination of my to
within 1 GeV. The measurement of my through lepton energy measurements is also DE (6,z) = f dx Z;x { (1 = 2 pespss) |“xxx+'1z + 2 Pirsss [lnx\x++12
gtudied by the working group on topontum at LEP. '
We will conclude this section bylﬂ brief di=zcussion of coherence oiffcts + Re H)\X++ HX:x"]} (2.76)
in the production of top quarks, which are absent for light quark process e o =
Y,z * qa + 2jets. The coherence effects In the top quark fragmentation wanld where
reveal themselves in a production angle dependence of the fragmentation function, 2
quite contrary to the common incoherent appreach. This can be seen hy introducing Disps = E Sinze T [ 02 +.15 mz|2 vi (ai + vz)] (2.17)
the helicity density matrix p(tE) for the process eTe o ¥,z 3 tL N s * 2 )
v 1 LI 3 2 2 2 2 z _ 2
Popv - = L Z;,kz Topx,n, Ty WA, (2.1 where 1D, = s /lts +my) +m, Tz )
For light quarks, Pises = 0 and so the fragmentatien function Dr (0,7 has no A-de-
Here T is the heltcity amplitude calculated from the Rorn diagram shovn in pendence, recovering the usual incoherent fragmentation pleture. To have a detniled
fig. (11), where the defl?itlon of helicitles can alse he seen. The conditton Trp -1 prediction one should know the non-perturbative function H\\x+' , H\\xtt etc.,
fixes the mormalization N . The cross-section for Lhe inclusive preduction of a bep which, for example are functions of £ and the depolarization parameter f for the
hadron {s glven by mordel we discussed earlier.

1t 1s obvious that detalled predictions of the coherence effects are model
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dependent. However, 1t is pessible to get flrm predictlons for exclusive final
&«

+ - —
states like for exnmple @ ¢ 3 v,z 2 TI, TT etc. In particular, one has

T, &= oot 2
Dt fee »Tr ~ (1 - 2p++++)IMOl_+I

T . + - - 2
Dt e e =+ TT) ~ 4pesss 1Hggesl

The quantities 1-Zpgsey and Appipy are shown as functions of 0 1o fig.
{12, which serves as an example of the t-gquark fragmentation depepdence of 00 The
effect that such angular dependence can have on some nof bthe physlcal ubservables
could be dramatic. For example, the forward-backward asymmetry A;n (0) iz zrro for
the exclusive state e'e - TT and gets enhanced for the exclusive state e+o_ k4 Tf*.
compared to the AEB {0) for the process e+e- 5 tt. This is shown in fig. (1.
Heasurement of these effects would constitute a test of the spin-spin effects of

top quarks in hadronic chanpels,

3. The Cabibbo-Kobayashi-Maskawa Matrix

The flavour mixing matrix V, relating the eigenstates of the guayrk
masses to those of the weak currents JS in eq. (Z.21) can be symbolically
written as ‘

1Vud VYus Vup
V=1%d Ves Veb
Vid Yes Vb

64
There are various parametrizations of the matrix V abailahle ), involving three
angies and a phase. The first of these paramctrizatton, glven by Kobayashi and

12)
Hashkawa , hag the form

oy R L s ~8,8, e
VKM =] 5302 clczca—szsgeiéKH “1r253+52“a“1&KH 3.
5,8, 08,040,000 KM €y8,8,47C,C0 KH
where ci(s;) = cosBj{sin®;) and dgy 1s a phase, inducing CI' violation. [hespite its

ploneering character, there 1s a general feeling ameng the practitioners of weak
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interaction phenomenology that the Kobayashi-Maskawa form, VM, 1s net particularly
handy in the analysis of experimental results in terms of simple deductions of the
CKH angles. This i=s bbvious from a comparisnn of eqs. (3.1} and (3.2); only the
measurements of the matrix element Vyq can be directly transformed inte the
determination of the CKM angle 6,. All other elements invelve fimctions of at least
twa angles and some invelve all the four CKM parameters. Not surprisingly, almost

all quantities related te the elements Vg, Yop, Veg, and Viy directly or indireet-

1y have an involved dependence on the phase &gy, Exomples of coch belavieor ave

0 -0 '

K - K mass differences, the CP vielaling parameters o, &, mixing paramelers in
the newiral bottem meson sector as well as CP vielabions, In several of the coames

mentioned above this is an unnecessary complication and can be aveided by a more
judicious cheice of rotation axes and quark phases. One can make use of the recent
measurements of |Vpel and the bounds on 1Vpgl te write much simpler and practical
parametrizations of the matrix V. We shall discuss some popuiar alternative
representations for the matrix V in aﬁwhlle after discussing the presaent

experimental statnz of the Viy malrix elements.

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

They are taken from a recent compilation in ref. (64} (see alsa refs. (ARG},
[Vyql = 0.9735 £ 0.0015 (3.
1¥,el = 0.231 % 0.003
1¥.ql = 0.24 % 0.03
[¥esl = 0,85 £ 0.15

The matrix elements |Vl and [Vy, | are the focus of very intense experimental
research at the existing e+e_ machines, As we have discussed in detail in the
preceeding sections, the most optimistic place to measure IVy,| 13 10 the analysis
nf the end-peint lepton energy spectrum (equivalently transverse lepton energy
aprctrumy. The present best limit on the ratio VR /Vhel is from the annlvses of
the process PR Teas) + RR Iixn). Unfortunatoely, the tail of the Tepton enerpgy

spectrum is sens{tive to the bottom hadron wave funetion and the axtract ton of
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] ¥bu/Vpe! at present 1s a model dependent enterprise. Probably, the present best based on much smaller values for R. The matrix elements [Vpel and [Vy,| are so
- . 67 .
limit on the quantity R = Fi{baulvy}/T'{bsclvy) is } small that it is possible to predict the element [Vipl to’a precision better than 2
P.p.m., with the error dominated by the one on |Vh.l. Unitartty can be used to
R<¢0.08 (9 % c.L.} (3.4} predict the range of all the rest of the matrix elements of V. Thus, the present

. ) knowledge of the CKM matrix can be summarised as follows
obtained 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 + clwy ki- 0.973 + 0.00 0.231 % 0.003 ¢ 0.01 (3.8
nematic limit gives R ¢ 0.089’. Theoretical models used in such analyses are by no
means exhaustive or compelling. There is certainly a lot of experimental and theore- V =] 0.24 % 0,03 0.85 % 0.15 0.035 + 0,015
tical work to be done to get out IV / Ve | from e+e— data, However, it is ohvious

from eqs. (2,37} - (2.39) that the upper bound R ¢ 0.08 already pushes the contribu- < 0.04 £ 0.06 0.9992 > ¥y, > 0.9975
tions of the b » u trangitions below a significant level tn the semtleptonic decay '
branching ratios and life-times for bottom hadrons, This fact can be used (and has We would like to point out that the errors on the matrix elements 1Vegl
been used) to determine the matrix element IVhe| from the meagsurements of <tp> amt and V.5l are still quite large to make more definitive statements about Vig and
¢BR>g. Using the relation Vei and we have used the safer preqent limit R ¢ 0.08.
rgL - BR(1) A HWe shall make a digression here and point out that in particular
B theoretical scenarins it is pessible to relate the matrix elements Vij and the
the QCD improved expression (2.37) for FgL and the measured values for <1g> and quark masses. For example, it was pointed out by Stech " that if the up-quark mass
BR(1) one gets matrix My and the down-quark mass matrix My have the form
+ 0.011 '
V| = 0.050 + 0.002 ) (3.5} Hy,; = Hg = HE . 3.9
- 0.006

Mg = HJ = aMy + A
for mp = 4.95 £ 0.04 GeV and m; = 1,65 + 0.05 GeV. ¥We have discussed the dependenee

of FSL on mp and m. in detail in the preceding section and will not repeat the where @ Is a constant and A is an antisymmetric matrix, then one can show Lhat
arguments here. It seems, however, safe to deduce that the present et experiments
mg = mg + mpy mp
glve & = — T % (3.10)
My = M+ mp M,
0.04 < [Vpe!l < 0.07 (3.6
- -4 4
using R ¢ 0.08, this gives the vpper bound [Vl % mg/mg = (0.055)
2 -4
Wpy! ¢ 0.01 : (. © IWVyal ® mg/my — mo/me = (0,28)

This is roughly a factor 2 worse limit that one often sees in literature, which are The predictions and postdictions (3.10) are in remarkable agreement with the
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experimental measurements and someday may eventually help to dizentangle the
complicated structure of symmetry breaking giving rise to the auarl matrices My
Mg- While still on the trail of theoretical speculations, one should remark that it
is possible to predict the ratio [IVh,/Vp.l in specific models for quark mass
matrices, For example, In the geperalized Fritzsch mndv!ﬂo) Fhe ol mass matpices

103
¥, and M4 each have the form

M= o™ By e F - [AOB EREE

where A, B, C are positive constants and Ay and pj are some phazes, The matrix

elements of F can be written in terms of the quark masses

o 1/2 - 172 ~
AF Amymgy) , B & {mymg) , CRomy tmy 2> my 3> ) (.12
T1)
One then has the prediction '
my y1/2 .
Why/Vpe! = [ - ] % 1/16 (3.1
Mex

for the quark masses my = 5.1 MeV and me = 1.35 GeV, taken from ref. {72). This
predicts 1¥p,! = 0.004, which ts a facter 2.5 smaller than the present limit given
in 3.7), It has been argued in ref. (70} that both the Stech and Frjtesch mass
matrices can be made compatable to each other. Confirming (or ruling out) the
predictien (3.13) is probably one of the tasks of the LEP experiments. Seen in this
perspective, precision measurements of bottem hadron deray properties ts sn

enormously rewarding enterprise.

Returning te other parametrization of the CKM matrix, ¥, there are two

72
which deserve special mention here. Wofenstein ! has observed that the matrix
elements Vi3 show a certain pattern, which suggests a perturbative expansion of

the matrix elements. Defining IV,gl = cosbe Z N, one has mmerically

_'fl 3_

X = 0,23 (3,10
2

IVphel = % = 0.05
¢

IVhy! € X

a
Themn, cxpanding VlJ in powers of A and keeping terms upla 0(N ), ane has a

perturbative form for V

1 oz o
1- -1 ) M p - im (3.15)
2
! kz A\?
VWolansteln o 1 2
3 2
Ml -p-=1in -AXx 1

The present experimental information then gives tfor R < 0.08}
X = 0.23 13.16)

A=1.0%0.2

2 2
p *+n < 0.6S

For R ¢ 0.04, one would have p2 + qz ¢ 0.30. This parametrization has the simple
featurrs that (1) the elements Vo and V.q have the same interpretation (te OGN
as in the (2x2} Cabibbo-GIM matrix l, (i1 Vel = I¥pg! and (£11% CP violation
enters at 0(\3>. Of course, the ansatz rq. (3.1%) is a very convenlent construct
for analysing experimental results as we shall see below. Any dreper theoretical

understanding of the pattern (3.14) 1s not at present available,



_44‘.

T5)
Annther representation of the CKM matrix is given by Gronan and Schechter
which, to practical. accuracy has the form {c,,{8,,) = cosf ,(sin0,,) etc.).

| 1
€42 sizu¢12 313e¢13 (3.17)

-1¢ 14
Vog °1"Sip® 12 €12 Spaf 20

1dyz + $25)

14 —14
- 13 - 23
S13% * 855330 Sz3% 1

Here the three mixing angles coincide with the measurable transition amplitudes
Sgp = Wygls 8p4 = 1Vepl, 819 = [Vynl. The physical CP nonconservatien is measured by
T4

the invariant phase

$ = d12 * b23 " Hia 13.18)

All CP-nonconserving amplitudes are proportional to [V V. pVypising, For fixed values
Wygl, IVep! and 1Vyhl, the CP non-conserving amplitudes will be maximized for l¢t

= n/2. Using the freedom in defining the quark phases one can rotate away the phases
4.2 and ¢4 in (3.17) getting

19 .
€12 %12 Syg® aorm
]
Vog = “S12 C12 H23
-1
$12%207%13 Sza 1

vhich ig very similar to Vyaifenstein- We shall use the form (3.15) in discussing
our results. Some other representations of the CKM are discussed in refa. (713 and

(76 .

We would like to end this section with some remarks on the potential of LFP
experiments in measurlng the CKM matrix elements. Judging from the present safe 1i-
mit R ¢ 0.08, one may need an order of magnhitude larger bottom hadron sample than

presently avatlabln to measure the matrix element [Vy,) at a level 1%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 itmit. We havé-already stressed the importance of having good lepton energy
resolution in this context. Measurements of exclusive bottom hadron decay mades

Bt > 1tu1 , B3 am, pn, 3n, Ayn etc.TT) may also help, though the interpretation

of data would be somewhat 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. Since the bottom quark and aptiquark jets will be sepa-
rated at LEP enrgles, the problem ef cross—over of the two hottom hadron decay pro=
ducts 1s much less severe, increasing the bottom hadron reconstruction efficiency.
The digadvantage at LEP 1s combinatorics due to the bottem quark fragmentatien, 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
heip in distinguishing the bottom hadron decay preducts from the remnants of the
hottom quark jet. Thus, for <(z>g = 078 and for the case of twobody or quase two-body
decays in b3u transitions, a cut of Fypaey > 10 GeV, for example, should remove the
fragmentation products. Here having good particle identification will be a particular
advantage.

Turning to the measurements of the CKM matrix elements Vpi(i=d,s,b), the
experiments at LEP and SLC have no sbviocus rival! However, as can be seen from

eq. (3.15}, one expects

v 2

L2 | L\ - o.08 (3.20)
Vib

v a

M2 N T

Vib

It seems that 1f mg = 0(30 GeV), then there might be enough top hadrons available 1in
] -
the decay Z + tt to measure [Vigl. The element 1V 4l is, however, by no means
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trivial to measure, though ldentifiration of the hadrons tn.p,A ) recoiling in the
decay t » Ix may provide some useful trigger for the t oo d decoo 0 The Dopniogs

® + .
t (s,d)]tul k] (ﬂ,p,K,K vy is also quile striking.

4. Weak Mass Mixings and thelir Implications at LEP

A non-trivial test of the standard model lies in measuring the strength of
the flavour changing |AFI=2, AQ=0 tramsitions among the neutral meson systems KO—RO,
Do—ﬁo, Bo-ﬁo and B:—ﬁ:. Experimantally, such transifions have been measured in the
KO—RO sector only, though there exists some preliminary rvidence frem the CTEN pp
co]lidanB) that snuch mixings may also be present among the neualral bettom

20
mesons

Concentrating on the 1nter§st at LEP, we will discuss the Do-ﬁo, Bo—ﬁo,
Bg-ﬁg and Tﬁ—?z oscillations and their phenemenological implications 1o this
gection. We start with a discussion of the formalism which is needed to describe
Ho-ﬁo mixing, where M is any neutral mesen, assumed to be a pseudoscalar. Defining
the mass eigenstates by My and My (for heavy and light) having definite decay
widths [y and I (and hence life-times), we will primarily be interested in the

fquantities AM, AT and ¢y defined below
oM = My - 4 . 1)

A= g - T

[+] -0
ey M 2{1-ey)H
201+ teyt )

M, 1L

where AM and Al are obtained by diagonalizing the Hamiltonian

1 o
o M- T T N (4.7

e

u, ! r H ! ir i
12 2 i2 ?

g7

This exercise gives

i . [ 1/2
AM = 2Re [ (M, - 5 Iyy) (le - E Iyp? H 4,37
. 1 . 1 = 172
A = =4 Im [ My, - ; Iigh My, - ; 2t 1

In this potatien M, - ! My, =¢ MOIHIHO>, and one needs Lo compite the transitinn
amp] [tade Hoffﬁq) > H {20q) to get M,, and ') ,. Since in the standard model, hoth
the photon and Zo have manifestly diagonal couplings, the lowest non-trivial
contribution te the amplitude Ho 3 ﬁo 1s via the exchange of W+W_ diagrams. These
box type diagrams are assumed te represent the inclusive sum of all flavour neutral

o -0
intermediate states to which both M" and H can contribute.

o -0
4.1 D -D Hixlogs

0 0
The calculations for AM(D ) and AI(D )} are given in refs. (8), The
o
contribution to AM(D } is suppressed due to the Cabibbo angle and one expects

0
ACD ) ] 0
F?EU:‘ = 10 . Theoretical predictions for AM(D ) are rather fluid. The staodard

prodedure is to calculate the AC = 2 box diagrams and relate the result to the
79
AS = 2 result of lee and Gaillard . The result Cignoring the small cantribition

from the b and t quarks) is

.
AM m z f m
e D ta.a)
Ak Me fx mg

72)
Using the rurrent guark masses and fp = fg gilves

8 -1 AMID} _a ‘
AMIDY = 2x10 sec , —— x 10 (4.5}
ri{Dy



..48._

1f, however, one uses the constituent quark mass mg = 500 HeV, then

o 9 -1 HH(D} -3 i
AMID ) = 2x10 sec s = 10 (4.6}
r{D) :

It has also been argued recentlye) that AM(D)/T(D) ts further suppressed if

one includeg quark masses on the external lines of the Ac=2 box diagrams giving
AM(D/T(D) = 10-6! Wolfenatein has taken up this issue recently and guestioned
the use of box diagrams Lo estimate 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 nn, 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 secems that this issue

o -0 o [ .
will keep the D -D issue f£ively for some time to come! Any way, the D ¢+ D transi-
tion probability, despite large charmed hadron statistics at LEP, would be difficult
to detect.

0 -G
4.2 B -B Mixings
We shall now discuss the mixings in the bottom meson sector and for the

time being will not discuss the CP violation parameter €g. The box diagrams shown
in fig. (14) give the following results for the mass differences

2 2
Gr fgq mpq 2

0 A
= — (4.
AH(Bd ) “‘E;z HW B Fq t(mp,me, ) 4.1
FZ fz
0 F ths MBg 2~
I\HIBS) = —TWSﬂ Hw B Fg (mp,mp, )\
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where B is the so-called bag constant, which enters through the deftinition

< o by, (1 )d)2 I B0z 2h el
Bg | (by,ll-vg Bg > 2 3 B fBi LW (4.8
<B° ! thyp(1 ) )2 H ﬁo > E - ﬁ f2
] H T3S ] T3 Bs MBs

and has the value B = 1 in the vacuum insertion approximation; fgd and fBS are the
bottom meson pseudogcalar constants defined in section 2 and the functions Fy and

Fg are given by

d,2 d.2 d .. d
Fg (mp,me,x) = (\C) u, + (kt) uy, + Z(Xt)(xc)us
Fo tamamen) = 05 %0, + 057, + 20505 4.9)
8 'fb:MEaAl = TR0 Ty v’ Yz £ P’V t4.

The CKM-angle dependent factor Xi agsume the following values in the Wolfenstein

parametrization:
ERREEY
= x
cb cd . (4,10
d, - * 3 2 2 2
Iktl = Ith thl x X JS{1-pr +n § X\
* 2
B =0V v = )
ch e=
s, * 2
Ixtl = }th Vtsl by

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

and approximate fermulae for u,for intuttive reason. The leading contributions to uy

i



are gilven by
2 z -
up ~om, / My (a.11)
2 F]
Uy ~ m / M
/ 2
Y = MRS Ty

In the expected top quark mass range 30 GeV ¢ m, £ 50 GeV, eq. (4.11} is within S7

o o
of the exact result. Thus, the deminant contributien in bhoth ﬁH(Bd) and AM(Rg) is due

to the u, term. Since in the QCD improved quark decay model for bottom hadrons, one
o [ ] q

expects F(Bd) = F(BS) @ IVbCI ~ % , as wWe discussed 1n section 2, thc phrnomenalo-

gically interesting quantity for B-B oscillations, AM/T, has the following CKH angle
20 -

dependence

A o z
— (Bd) a 4129

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

o -0 0 .0

namely (B, - B ) oscillations are CKM forbidden and (B_ - B_} are CKM allowed. In

d d AH O M o = s . I
fFig. {15} we show — (Bd) and r. (B ) as a function of my for 8 = 1. For all these

o -1 [

valurs ot (B,} ¢ 10 and o (8 ) > 1, Thus, we expect substantial mixings in the
o .0 | d ' o¥_o
B -B_ and very little in the R ,-B sector.
5 '8 d d

There exists a general consensus in literature that the goant ity ?L is

¢ -0 _o
suppressed for both the Bd—nd and BS-Rd mixings; Lin Lhe former case it {5 A conse-
quence of CKM suppression in the decay bd » (ud)tud}, and in the latter of phase

- - - o 0
space in the decay bs + (cs) (es). Thus %E (Bd, Bq) << 1 and we shall ignore this

quantitiy in numerical calculations.

A good method to investigate R-B mixing 18 to measure the semileptonic
decay of a Blor B} meson in the “wrong-sign” lepton. Defining the ratios r and r as

follows (note our conventlon B = ba , Bz Eq:

a +
B > 1 upx)
R LA e Sald (4.1
C(R -+ 1 vix)

0 -
(B =+ 1 vyx)

—
FeB o 1 uvypxd

81
then one can show

am 7 ar 2 2, AM 7
(=) (5 ()
2
r=n : = 4.14»
Ay L7 ar L ? an L2
2+ () - () ()
- 4
r=r/n

where 1 18 a measure of CP-vitolation defined via the convention independent

relation

<B, | B,> = —=2 4,15

2
We zhall get 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

neutral B decays, However, since only the B:—ﬁ: ozcillation is expectrd to be
significant, only the ratio g will devléte signiflcant]yofrom 0., We defipe a
quantity which takes into acceunt the relatlve rate for Rs production and hence i=

more relevant for the expertmental measurements in the continuum Lhan the
0

d
of B-B mixing invelving the wrong sign lepton in the semileptonic B derays is 3,

o
quantities r(R ) and riB_) which were defined in (4.13). The experimental measure

defined as



_Ttr » 1+x)

X = E3
MR -» 1 x)

k4] ‘0
One can relate y to the individaoal mixing parameters Xy and 1 of By and By mesons

defined as

o +
o2 MR 2 1 ats) -
dtss PeBegy li;) +raes '
via the relation
{BR) 4 R (BR)SPEE§ o1

Ry d e CRR>

where P4tFg) 1s the fraction of BZ(BZ) meson production at a given cemdre of mass
energy, {BRIgL(BR)g] 1s the semileptonic branching ratio for the BS[R:] meson and
<BR> is the average semileptonic branching ratio of botiom lwlrens measured at Lhat
energy. Since Pg = 0 at T(4s), the Y(4s) data con weasore only xq. Howsver, aw ooan
be rcalculated from fig. (16), one expects x4 ¢ 10_2 in the standard model D The pire-
sent best limit on xgq from experiments at CESR is x4 ¢ 0.223’, which iz roughlty
two orders of magnitude larger than the expected value of the same gquant tiv in the
standard model. {(Experiments at CESR and DORIS are well advised Lo roan above T4

to be able to measure weal wass mixing effects in the botiom meaon sectort)

Since x4 is very small, we set x4 = 0 in (4,181 Then, oo b s el
209
expression for y ,

(BRYSPaY -
o LRSS, Pate = [(a8)ny cq e
<BR>

where the last two equalities emerge from the assumpt lens (DER)s = <BRY apd o100

Py = ffs;), wvhich is the probability of producing an . pair in the f1apmentat oy

af the b—quark jet. The quantity fiss} has been measured in a targe number of high

enerpy physics experiments. The best it of the related quantity yq = fresr/fodd) in
4 -_

&
- 54
o"e” annihilation at PETRA and PEP tis: ¥Yg = 0.33 £ 0,02 , which gives ((5:) ~ 0,13,

The ralio fi(s3) Ls increasing slowly with s, so we exprot f‘g;’LEP/SLC = 0,15, Thus,

for maximm Pg-Rg mixing, xg = 0.5 and for experiments tovelving bb production in
the continuum, one exprcets

1

Amax % > fisss enLTn)

vhich gives a ratin of {(7-8)7 for the relstive probabllity of producing o vreng=
sign leptan in Lhe primary semileptontie decays of a bottom quark (jet).

r

P -
4.3 Trnelusive dileplon rates in e r > bb 2 11x

Next we caleulate the dileptfin rates from the primary B decays. Denotjng

by Ngpp the predicted dilepton rate, the expected rate for opposite apnd same charpe

2 Z 20)
combination is N__ = ((1-x) + 3 )Ny and Ntt = 2x(i- N2 . Then
N ARG S ¢
Risz/, 3 7 —% + gy
MN4- (1-x) + x

Z2xgll - ysflas))
S ST < L e (70
{1 - 1Sf(ssﬁ] + xgflss?

Pfte6) (2 - fian)

—_—

\g * 0.5

po— VA
(2 - fiss) + f (s3)

T 0,16 for ((=s) - 0.1%

Thee nvimber gquoted is For maximmm Hséﬁﬁ mixing ot LIP/O10 enerpies, To compare e

Aatove ratio with data one should add to this the contribal fors doe to the botben
b
hadron eascades h > ox 2 1 %

, which obvionsly depend on Lhe spocific experimen al

condil inns.

Iet us briefly take stock of the present exprrimental ressMts on the
78y
quant ity Rtfx/,_.), There is some preliminary evidenne from the UAt (1AR3+183M)



data that in high py dimuons from Bp colllslons R{xx/,_) # 0. An analysis of this
data, taking into account experimental conditions is gliven 1n refs, (200 and (82},
After subtracting Ehe bottom cascades and other backgrounds one findszo,‘Rttt/+-):
0.25 £ 0.09, vwhich 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. ltower limit omn the mixing parameter. This gives x > 0.04. In filg. (17) we show
contours of constant x in & twe-dimensional ftss) - rg plot. For fis=z) ¢ 0.2 at the
CERN collider one gets a lower bound on Bs—ﬁs mixing parameter ro, oamelv o3 0025,
From e+e- annihilation, there are tun null resultsy available from PEP and CESR for
the quantity Rix:/+-1. We have already discussed the bound from CRSR. The Mark-I1
collaboration at PEPBS) have set a limlt on y, x<G.1i2 at 907 C.L. We show the exclu-
ded area in the fiss) - rg plot (fig, (17)), As indicated in eq. (4,20}, in the
standard model, one expects ypay > 1/2 f(ss) = 6.0T at PEP energies. Thus, the pre-
sent e+e- data both at PEP and CESRGQ, do not yet have cnough statistics to test
bottom meson mixing in a significané’way. On the other hand, the limits on x can -be
used to rule out non-standard models, which prediet substantial Bg—ﬁg 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 charpe asymmebry

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

. 3 = -3
electroweak forward-backward charge asymmetry in the process e e 2 bb ). At

PETRA, the charge asymmetry in e+e_ > bb 1s measured via the final state r*c- > bh
> ]tx. The presence of B-B mixing will lead to wrong-sigh lepton and hence will
decrease this asymmetry. At LEP, one could use In additien reconstructed Rg megons
and/or information from the vertex detecters to directly measure the asymmetry in
e+e_ + B:x. We have discussed at length the electroweak charge asymmetry in the
standard model including QUD radiative and mass corrections, That in fact was a pre-
lude to the overriding interest in the e+e— + bh asymmetry due to B-B mixings. De-

rthe standard value and by Rb the measured value for bottom guarks,

; b
Denoting by A FP

20y FB
ane has

Arp o+ - - - BR(b31 x} - BR(bsl x}
&~ f{e e 2 bh 3 Ix) = 4.9
Arp <RR>

= 41 - 2x}

(1 = 2x.fissh)

"

————=3» {1 - fla=})
xg * 0.5
Thuz, for romplete Bs-ﬁp mixing, the ratto RPR / AFR {g smaller Lthan T by Lhe

=
—y

fraction f(=s). Un nxpect frxs) = 015 at LEP and SILC. Thus, a measirement of A
better than 52 is needed to sce possibie effecls of n-R mixing throngh the

6
asyvmmrtry measurements. With 10 bottom hadrens expected per year at [UT, the crror

in the measurements of RPB w1l be duminated by systematic errors.

The measurements of the quark charge asymmetry at PETRA acd PEP are «till

very much in a preliminary stage. Despite Lhis the JADE collaberation at DFSY have
ff
mrasured the bottom quark asymmebry at Ao level. Combining all the PETRA data '

which is dominated by the JADE contribution, yields

R:sym = REB / A?B > 0.74 at 907 c.l. In fig. (18) we draw conlanrs of conalant
h h - r.fis=)
, using Lhe equation R =1 - 2xfissr.= L - 2 — , With the houmdary
asym asym i (141
condition G ¢ fi=s) ¢ 0.3, Alsa shown 12 the exelwded region for ?Es\m PO,
vhicli cnrrespnnds ta x € 0,173, This timit i3 slightly worse than the one set by Dhe

Mark-I1 dimuon data x < 0.12. Again, the expected effect at FETRA, PEP and 1EP for

fé==) - 0.15 and 14 § ! is: RL’RW 3 0.86(L.n.y € 0.8T),

It s elear from the discussion above bthat the actual measurcments af D=
mixtirg effects would depend on dynamical detalls, like for example the pelat tve
semileptonic hranching raties (BR)g / <BR> and the probahility I’y Cor Fi=s1), fn
additfon to the Intrinsic measure yg {or rg) which is in principle determined by

the weall interact ions, Despite the dependence on these dynamicad gquant iUiee . U



0+ =0 % (LI
experimental messurements of R{fx/+~) or RZsym by ttemselves are nol =ufficiernt to Thus, it is sensible to study flavour correlations of the type Bgh™, B KT, B A/A

- 0 .0
tell whether the mixlng pertains to By-By or Bg-LRg . There certainly is no way to etc. With the normal correlations being (4.25}, correlations of the "wrong

o
tell the two mixings apart at LEP and SIC experiments, without tagging the Bg meson stangeness"™ type, namely

or demanding an extra correlation. Thereiore, there 15 a need to devioe tests whict,
4]

0 _0 o —0 + 0 O
at least in some reasonable limit, are able to distinguish tha By > By f1om the I.-T b By + (K K ,AD) +... (4.25)

mixings. In this connection, it has bren pointed out that measurements of 1he {innl
+. + 0 - —=0 + & F + - - -
states 1 1A, 1 1A andl ' TF in (e e, pp) 2 bh would be strongly tndicat ove of
- 6} ¢ +
Pg-Rg mixings . One needs good detection efficiencies for both A and L This
certainly is going Lo compromise event rates despite Targe botlom hadron stat {stics

expacted at LEP.

- ¥ 3
4,5 Weak mixing effects in U(e+e 4 liK X x)

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

quark prodiced in a hard collistion intoe the following states
- -0
" s 1K K x, 1KA x (4.23)

or its charge conjugate b 1-K+K4x, 1-K+Rox. The main idra behind the €inal states
{4.23) 15 rather simple. Since mixing in the hottom meson sector 15 expected

in the Bz—ﬁ; sector, one expects short ramge (in rapidity) (lavonr correlations
among the fragments of a single bottom qnnfk jet also. Normally in a botiom gnark

jet one would have the fragments

[} -
b2>Bg+ (K, K, A+ .. A 7h

¢ - 0-0 -0 4 -0 0
In other words one expects final states ByX , BgA , R K and BgA . Of rourse, in
0 -0
general the Kt and A / A multiplicity in the fragmentation of botiem guark may be
- [
large leading, for example, to beth the B XK x and B K¢x final staes, This however

iz not the case experimentally. In the jargen of {ragmental fon made] builders, the
[

kaon multiplicity tn a jet is governed by an SU(3)-breaking parameler yg = =0 mind

I £CATy
of the A by another vq = E%%%%

’ iy
high energy experimernts are in agreement wibth yvg = 0.33 and vg - 0,1 - 0,20

. All 0+e— data at PETRA and PFI' ar well as in olher

Q - =0 -0
Bos By + (KK ,A D +...

o -0
would he in the first approximation signs of Bg-Bg wmixing. Thu=, in leading order

in vg nr Yg one has, for example,

.
b+ Bk ¥ g

L s t4.24)
b+ BgK X 1-xg

-0 0
b+ B.A K Xs

AT ¢
b > BoA X 1-xg

Of course, the utility of the short range {laveur correlations (4.25) is
only in conjunction with the ability to distipnguish a Bg fram ﬁ:. This can be
achieved through the semifleptonic decays. ﬁovnlling that the transition b 2 ¢
dominates b decays, the semlleptonic decay nf a botbtom hadron would lead to the

following states:

0 + -

Pqg > (DD ,...01 v tg. 27}

- o %0 -

By 2 (2,0 ,..001 v

o + s -

Pe 2 (F ,F ,...0]1 vy

o & + + +

Now, since the decays (D ,D ) » K X are Cabibbo suppressed but the decays F @ KX

¢ _0
are Cabibbo allowed, a good two-particle inclusive final state to enhance the B (Bg)

- & - + -
signal should be in the decays B » 1 K ¥ and B > 1 K X. This would lrad to the final



- $+ - 9
state b-jet 1+K K X, 1 KA X advocated in eq. (4.23). Once again, it is imperative

to have the b and b jets well separated. Hence, in contrast to ltlix, the final

+ ¥ t
gtates 17K K‘ are useful for experimental situation well above the YtAs) resonance

2t
regton. To quantify this proposal, one could define the following ratio

b+ 1K Kx

== t4.28)
hb>1TKKX

RO 7 TR

m

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

ratio R as . 72h

g a (B> { BR(Bq + 1'K X)ftq » K X) + BR{Rg Ve KRN

ROTKK /7 17K K=
g o (B { BR(Bq + 1 K X)flq » K X) + BR{Bq = 1 )ftq = K ¥ %)

——

whare the sum g is over all species of the bettom hadrons B,
The decays RBq » 1K are

and fiq » K+xP etc,
represents the probability of a quark giving a K+.
completely negligible ((10_3) and hence not included in (A.29). Now ir irading

order in flss) (keeping only the valence Kt hadraons from the fragmentation g = RtX?.

one has

0 [+] + - -
o(Bg)BR(B, > 1 K X)f(s » K X
[t () - - -
U(Bg)BR(Bg » 1 K X)f(s > K X)

ROVKE 7 1KK ) =

0 - - -
BR(B. » 1'K'X) xs BPBRGF 5 KX
= —p—r— T — (4 307
BR(By » 1 K X) 1exg BREF + K X

the quanttty P(I+K~K_X) itz Delepeoodent of

Thus, in the limit that eq. (4.30}) hnlds,

e - n
o(B X}, the probablility fis » K x) and the semfleptanie breas Vi it on Lor Lhe b
meson. Tt depends, however, on the inclusive branching ratio of the F’ By

namely BR(F » K'X). The quantity BR(F -+ KX /BR(ET > K X 1o eq. 14.30) is
expected to be around 1 ip the quark-parton model description of the Ft decays, and
hopefully would be available soon.

Of course the discussion above is somewhat ldelallized. Tn real world,
Cabibbn suppressed transitions in charmed hadron decays DO,D+ > K’X and the
suppressed fragmentation precesses u,d KX and g - K+X would contribute to the

- -
final state b » 1 K K X, thus glving non-zero contributjon to the ratie R defined

in (4.28). The signal and background rates have been est.imated in ref. (21}, {rom
whers ue retrace the essential steps and reasults.
da + - —
The distributions -,- (2 = ZEK/JBI for the processes ¢ e+ v,7 + hb »

dz

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

o . 0

Ry, Py Pagyen.

P 2

gle @ = hb}; the inclusive two-particle distributions are then ohtained by using a
9

8
modifird fragmentation model of the Figld-Feynman type ). The essential feature of

the modification is in the use of an experimentally observed hard bottoem hadron

X3
fragmentation function, which we take here to he the one due to Patersen et al .
+
The momentum distributions of the K mesons in the processes
+ - +
r e 2 BKx o3

90
are then bound to be rather =soft ,. This 1= shown in fig. (1% feor the

+ 1
fr1gmentat10n function Dtz = 2Eg/¥s) for q = KX, q - w, d, s vith fp Neeats

fiq > K X) being the inclusive prnhwnll'f‘na nf PFUHU(IHL K™% in U fragment ation
54

)
q 3 R x , taken From the present e Yo" measurements . The [lavour dt=tcibattons

D shown in fig. (18) are quite jostructive. They give a concrete meaniog to the

- +
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__ ddg e e =+ BKX}) for the final states B“K*X and RHK*X assuming fl=ss) = 6,15
olbb? dz &

for ¥s = 93 GeV. The hierarchy in the rroqq*antlonx is very striking, with

0+
a(fgk Xy = n(R K 'Y being the largest and U(BS K L) the qmalloqt cross-section, For

2EK

the particular ChOICF of f(ss) we note that G(B K X)!c(B k Xy =5 for z = e ¥

and this ratio becomes 3 10 for z 3 0.2, In rhﬂ presence nf P —R mixing, na change

is really expected 1n the cross-seclions o(BK X) and u(ﬂik % hnr the cross-

o.1
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[ 0
section a(BSKtX) will change in accordance with eq. t4.26%. For complete Bo-hg

+ - o — + - o+
mixing, one would have gg e e 8K X) = gf (e'e » BoK X} for all values nf-3,

o +
This i3 an effect hard to miss for detectors having gond B, and K detection abilit o,

Ta grt rates for the ratioc R in eq. 4,28} one has to know the inclusive
+ 0 + + + :
branching ratios for (D ,D ) » KX and F = K X. The foermer are now wrll measured
birt the latter are not yet available. The braoching ratios used in our caleulat fons

are shown in table (11),

We now discuss the results for the final states sensibive o the §-oone
nf Bg-ﬁ: mixing, namely the rates for the dileptans n+o_ » ﬂﬁ » Ttl+?. Ty
and e+e_ + bh - ltK¥K¥X, 12K+K—X. Te remave the hackgronmd From "o e
ete” o co o 1*x and the cascade decays n+e_ » bb &3 1 x » IModucing the fina]
states e+o- hd ltItX etc. without any R-R mtxing:? we have put a cut—off on the
transverse momentum of the lepton, P%fw measured with respect to the jet-axis.
Simtlarly, since the signal/background ratie 1s expected to improve with the
increase in the momentum of the Kt, Py, we have put a lower cut-off on Pg. [n table
{12) we present our results for the final states q+o_ 2+ 11X, 1KKX for = = 83GeV,
for all possible charges It and Kt, fiss) = 0.15, P% > 1.8 GeV and T > 0.5 GeV,

The dilepton ratin R{z+/+-} rises from 0.04S to 0.175 as xg Increases from 0{ne

- - - 4 4+
e TKKDY = el 10N

mixing?) to 0.5 {(complete Bg-Bg mixing). Thﬁ ratio ARCIKK) = ST KK + oK%

decreases from 0,41 to 0.23 1in the same interval, The rates for 1*f'f;x wtates are
substantially higher than those for the 1*1*x states, The decrease in the talio
A{1KKY as a function of xg is a special case of the results shown in fig. (207,
where as we have argied before, the cross sections ch:K+X) and nfR:K_X! temd to
each other with tnereasing xg. Tt 1s obvious, for equal mmber of bh ryenta, the
change in AR(CIKK) due to R-R mixing is more marked al lower coergies than at higher
enrrgies, since the Kt multiplicity in a jet is lower at lower Js, resuiting in
smaller background, We show the ratio AR(IKK) in figs. (21} for twe representative
values (a) at PETRA, V¥s = 43 GoV and (b at LEP/SIC, Y& = 93 GeV , where we also

show the dependrnee of ARCIKK) eon fess) for- the rauge 0 fiss) < 0.15. In figs.

g
+ % + --
(22) we plot the relative rate of same sign dilepton R(}717) = (N + N )/

(NH' + N+ N+_) as a function of yg for fiss) in the range 0.1 ¢ [ss0€ 0,15,
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Not~ that we have used somewvhat relaxed F‘Jl- rut=off in ;. t2Msy oy dag. s 7o

In figs. (23), we show how to determine f(s=) in bottom quark jets, where
we have plotted the branching ratio for the inclusive final states le+e— » liK+k“X
+* liKtKiX + 1tK¥K¥X) invalving 1t and Ki, as a function of fiss) for the range
0.1 ¢ fiss) ¢ 0.2, As exXpected, the cross-—sccticen rr(1‘+v‘_ + 1KKX) depends Iineary
on {tss) and a measurement of this quantity should already be possible with the
exigting data at PETRA/PEP energiles. This would Lhen provide an independent
measurement of f(ss) for bottom jets In the same experiment where offects of B:_ﬁg
mixings wonuld he searched. This wonld fix fts3) for both ACIKK) and Ret/+-}

measurements.

The rates presented fn tahle (12) are based on 105 bb events. The
integrated bottem meson sample at LEP could be an order of magnitude larger in a
typical year. Measurements of Rs'ﬁs ﬁixlngs at a level suggested by the recent At
dimuon data, as well as by theoretical calculations namely rg ¥ 0.25 {(or yx 3 0.2} is
within the feasability of LEP experiments. Nokt only will it be possihle to see at
LEP statistically significant (34¢) deviations for rg 3 0.25, but also the
cuncomittant shert range flavour correlatiens via ARUIKK) measurements will be
testable, We would iike to close this section with some remarks about direct and

induced mixing »ffects in the top meson sector,

4.6 Direct _and induced mixing effects in_top hadrons

Tirre are two peylral top mesons Tg which can mix with their chiargs can-
jugates via weak interactlens and, in principle, one could have Tnnfn and T:—Tg
escillations. Since the width Ty 1= very large (1.e., top badrons decay very fast),
there 1s no time for mixing. Consequently, weak mixing cffects in the neutral top

- ary

mezoni are expected to be sxtremely small . Thege expectations can he given a can-
A
r
already discussed the decays ef the top quark in section 2. To a gond approximat lon

crete form by calenlating ?L and 1 for the two neutral fop meson systems, We have
L A

one expects [T} = TUTq) = THT) = [T = Tigp, where gy ds given inoeq. (2,478

together with table (), It s likely that due te the larger phase space TIT.) =

20Ty . However, for the discussion of AM/IT this difference is nol crneial, The
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diagrams ledirg to AT(T,) and Al'(T,) are shown in fig. (24a} and (24h}, respeotively,
They lead to

ar 0 3 2 2 2
F_ Ty = ?E 1Wegl + Vgl Vgl [P 7R
1 =&
$ -
A
A 0 3 2 2 z 4
— {Tg) = =g [Veal  Wegl + IVpgt 1Vl L.
r r ’ )
1 4
EREIR Y
2

where I'* is the reduced top width given in table (8) and )\ = sind. = 0.23. The mass
difference Aﬁ(Tzl and AHsz) are calculated by the box diagrams shoun in figs.

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

in eq. (4.7}, tWe have ignored the external quark mass effects in AT = 2 box diagrame

which would further suppress the rates for AM/TUT)}.

o 2 2n
AMC(T ) 32nf R
S LT ‘ (4.34)
r mg T
o 2 2~
AMUT) I2nfpe wpe my B
= $TCF Fe
r me T
where
2 7
* 2 my 6 Wy
Fu = MWep Vpy! =2 € & -2 (4,35
my my
z z
. 2 m 4 m
Fe = WipVpe! -3 = A B
myy Mgy

..63-

which gives for my = 40 GeV, fy, = 0.1 GeV, fp. = 0.3 GeV

o N -10C
— (T, ¢ 2x10 (4.36)

o -8
— (Tg) € Axt0

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

tt
presumably be marked in the decays of T; and Tg mesons, via the decays
- - - +
tis) » bis) + {gq, 1 v}’ : (4.3

sinece a significant fraction of the bes) topology is expected to give rise to
o -0
By + XX = v,m,...) one could cobserve effects of Bg-By mixing in t quark decays.

One could get final states of the following form in the top quark jet
- - +
ts # {(bg) + 1 vy
(hgt —» F 17v; = 111" x (4.38

The hackground to the process tg 1+1+K s due to the normal t cascades t -+ 1+hu1
*ox 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 addittion, the dilepton
En]linearlty angle distribution {n (4.38) 13 quite different than for example from
the normal process

+ - -
e s -+ttt 5 5 5 1+x

L (4.3
+
X

and should help to distinguish the two sources of 1*1*X. One can also use final
states in the toponium and Lt production above thresheld to see induced mixing

efferts in teilepton final states. These latter would require a‘]nrgﬂ oy Loponium
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data sample as discussed in ref, (92).

S, CP vinlation in bottom hadrons and prospects of mecasurements at LEP

In the standard three family model, CP vielatton effects arise doe te the
Kohayashi-Naukawa phase, Sgy. The only place whers such effects have heen -
experimentally measured is the K -K systemqa’. Presenl measurements of the CP-
violation parametars Iclgqf and c;s 7% are consistent with the standard mndrlqs)
predictions, though the situation is tantalizing.

n _n

In principle, CP violation in decays and virtial tramsilioms (M -2
expetted in the charmed, beauty and top hadrons as well. These effects can be
generally classified as (i) decay amplitude differences tn partial rates betusren
the particle and its charge conjugate, which are the only scurces of CPF vinlation
for charged hadrons, and (it} the one® that may involve Hoéﬂ ﬁo mixing in addition.
The general rule here is that parkial rate dlffcrences between the decay Ho » f and
its charge conjugate ﬁo 5 F will involve both the Ho — ﬁo mixing and decnay
amplitude differences if the final states £ and T are CP elgenstates, If f or fis
net a CP elgenstate then CP violasting effects in the partial rates nf neutral
hadrons will arise only from partial decay amplitude differences, Finally, ¢iii» CP-
violation Lnvelving neutral hadrons may arise only from the virtual transitions

o -0
M e M.

We will first discuss CP-violating effects in virtual transitions. As ve
have npoted in the last sectinn, the mass- and width differences M, and T\, for
MO € ﬁo transitions are in gencral complex nuantities. Physically, it means that
the prebability PtHo hed ﬁ0> 2 P(ﬁo » M), The CP-violnting effects in this case are
propartional to A’y = e 5 B - PE s ) s e’ s B 4+ PG e 1L Now
1if the mixing probabllities, proportienal to AM/T and AC/IT are small, then there is
nr reallstic hope to observe CP vinlations. This, for example, is eertainty the
case for Doﬂﬁo. Tg~f: and Tz—fz transittons. Here, CP violating effects are
exceedingly difficult to messure since in the first place, Lhe mixing amplitudes
are exceedingly small. The smallaess of ay, .expecled in the standard medel, is on
top of that. This can be quantified by recalling from eqs. (4.13) and (4.314) that

the CP-violating charge asymmetry in the semileptonic decays of neutral hadrons in
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the process

.

ote” o s 151y, 1T (5.1

81)
can br expressed as

1y - - q
N -N r-r n -1
a = “Fy - = —= = " (5.2}
N + N r+r n +1

2
whers n is glven by n = 1-z / 142 with 2 = 1/2 Im(T', / M,,). The counting rates
are then detarmined by the total charge asymmekry in the dilepton final states,

= Zayti-y) (5.3

where we recall N, is the total number of dileptons from the process (5.1). We

have pregented estimates and experimental bounds for the quantity ?ﬂ and %E related
o

to x in the last section and in view of this we shall not discuss the cases M = D,

0 [
T,; and T, any more, Concentrating on the hettom sector, we quote the upper hound

19
for 'a' from the calculations in literature ),

-2
Rgax ¢ 10 (5.4}
am™® ¢ sx10”
b3

with the actual values depending on the CKM matrix element Vi, and the phase &gy, as
can be seen tn fig. (25). Inserting the expression for x in terms of yq and g from

eq. (4.18) tn eq. (5.3} one gets
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+4+ -
N~ -N , {BR) gPxd , {PR) gPoX e .oy
— = a4 Xqg —— -  * 2ag xg —— 1G5.5
N, a4 R s Ry
which on using the values
-2
x4 ¢ 10 (5.6)
xg ¢ 0.5
Pq = 0.4
Pg = 0.15
(BR)g = (BR)g = <(BR>
gives
4 —
N - N —q
¢ 10 (5.7
Nz1

Now, since the effective branching ratio for the process ete” 2 bb » 1117% with

83 B
), this would pred QU110 Yhh events to be able to

- -3
primary leptons b = Iy 1s 010 )
test CP violating charge asymmetry in the standard model, which looks hopelss

- ]
desplte the large bb event rates expected at Z .

We shall now discuss other CP violating effeochks that may emerge duoe to the
differences in decay amplitudes of nrittral Dboktom hadrons., The main ldea here is to
look into differences in the partial decay rates for the decays B + f and ﬁo+ f in-
volving the same final states f. An example of these decays is Bg > DO + X
Kg + ¥ + X and ﬁ: -+ 50 + X 2Ky + Y + X where X and Y are =sets of hadrons common to
hoth Ba and EZ decays. One needs a tag for the hottom hadron,sav b » 11X, nae can

+ - 0-0 - += 97
then define a CP asymmetry ilnee -+ B R + ¥ 31 Xf, I Xf

-57=

- = 2
gil ¥F) - oil ¥f) 2xu sinZé k4
A = = = = z —=3  2xu sinZ¢ (5.8)
all Xr) + ail Xf) 14y +2ycoslé
. Y:O
2
1-y AM AC
where u = ~—2 , x = —and y = 7 < .1 and 4 1z Liw Carter-Samla phaze
1+x r r

defined via the relation

[+

1 <FIL(AR=1) IR >
expl{~2i¢) = - — ==y ’ (5.9}
n <FILIAR-1DIB >

° =0 -2
since for By - By , x2 <10 , u =1 and one has {(for my ¢ 50 CeV) (5.1
o
AALR ) = 2xsintZeg) < 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(BZ) 18 tiny
because the Carter - Sanda phase factor sin2¢g in this case is CKM suppressed and
hence negligible. Quite apart from the smallness of the CP-violating guantity AA in
the standard model it would be exceedingly difficult to dig out the state f and
construct Bg and ﬁg mesong from the debris of a hottom jet at LEP/SIC encrgies.
Either f is an exclusive mode, like for example Hg Ed Ksnoﬂo , which has a branching
ratie probably less than 10’" . or £ 18 an inclusive state in which case one can
just forget about reconstructing Bg / ﬁg from 1it. We are afratid that the prospects

of measuring &M at LEP and SLC are not terribly bright.

Yet anuther class of reactions to study CP asymmetry fn battnm decays
[ -0
involves the difference in exclusive partial rates, TYB =+ f) and (B =+ )
-+
Examples of such exclusive final states are by now abundant, namely Ry + K on
- + - + - + - -+ + - + - any
DF,nn,DD,... andBg*»Kwn ,DF , KK, FF elc, . Denat ing such
differences in integrated partial decay rates generically by AW, defined as
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-0 Q
(B = £y = T(B > )
= =0 4 {5.11
MB » Y + (B 3 f)
28)
ane can show that
XUs inZé
A = ——=-- = xusinZd (5.1
1+ycos2¢
y=0
o -0
Again for Bg-Bg system, since ng x 1, one gets (for m ¢ 50 GeV)
-2
A = xsin2¢p € 5x10 (n.1

For the B: - ﬁg system, sin2ég is suppressed as for AA due to the CKM angles and

henca AW(B:) is negligible. We realize that the estimates presented in (5.10} and

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

tities found in literature, The peason for this dispersion is the use of larger

values by some of them for the quantity x = ?ﬂ for the aﬁ-ﬁﬁ case. This quqn(lgxy,
" as we have shown in the last section is CKH_suppressed and 1is naturally of ¢y 3

in the standard model.

. Apart from this d¢ifficulty in rate, the feasibility of AW measurements at
LEP and SLC is commensurate upon successful recenstruction of the ﬂg and Pg e eas
intn the exclusive two body decay mades in which the CP asymmebry is being sought
for. Hany of these decay modes are suppressed by the CKM ratio (Vi / gbflg Tike,

7+
" andd

for example, By 2 n+ﬂ_. K+K_, By K*ﬂm, K+K_ or else by s‘.nreC like Bg 0
hence are not expected to have branching ratiss in excess of 10_4. This i= t6o he
axpected 1f one notes that the present branching ratin upper 1imisz) o CKY
suppressed decays are already quite stringent, namely Bo » ﬂ+ﬂ_, ponﬁ < 2x10"”,
The decays Bg » D'F, Bg » F'F7, on the other hand, thongh CKM aliowed, demand the
reconstruct jon of two charmed hadrens Dt and F;, which would render the AW

asymmetry measurements rather formidable at 1LEP and SIC epergies.

Next, we briefiy review the possibilities of observing CP ciolation in the
decays of charged hottom hadrans Rﬁ and B:. The decays B; 3 DOD—, D—ﬁ‘o were first
descussted in thits context in ref. (33). The decay E; + K J/W was poainted ot in
ref. (100). Recentlyloi), thrse decays have been recalculated together vith the
deeays B; > noK_ and the decays nf the much less frequently produced boltom meson
B?, namely B; > K-E,O ﬂ—Bo and ﬂoD_. These calculattons includde interference Dobwern
the penguin diagrams and Che vsnal Wi exchange and decay diagrams, Conecentrating,

- [ 101}
for example, on the decay Bu » n K one can write the decay amplitudes as

- o - * .
MRy > n X ) = VepVeghy + VHhVURAZ t5.14)
=+ 0 4 * *

HEByy > m X ) = VopVeghy + VypVighe

The partial rate difference 1s then given

- 2 2
(£) Ml - IM}
AW E 2 (5,15
1Ml + M

101
in the CKM parametrization, one gets )

z -
() -2 s,5.5 Im (A A)
s R L LR (5162
1M+ M

2
which gives rise to the universal CP non-ronserving factor, =;3,5,%5 . In the

Walfenstrin parametrization, we get instead

2 6 L]
(£)  +AA N nImtAAL)
Ay R % (5.1
IME + M)

wheroe & = 1. Thus, in this parametrization the imtversal CP violating facto- s

L 2 - 2 -
2N n. The amplitudes IHP + {M] and the fiterference teem TmtA ALY depend on the

=T - LT L i ra—— - — '——.-— _
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particular decay mode. For the reactleon in (5.14}, one gets

F4 - 2 2 z 2
WL+ 1HL = 21V) 1Vegl A

24 2
= ZA XA, (5.18)
Thus z .
(%} 2% nIm(A ALY
AW ol S (5.1
[Al

which gives Aw(:) 8)(10_2 for the bounds on np given in eq. (3.16), nzsuming im(AlA;)
/(!\l)2 = 0t1). Since A, = 0 in the absence of Penguin dinsgrams, a definitive

estimate of the rates for the asymmetry inm the decays R: B Ktno i8 rather mndel
dependent. To get an order of magnitude we use the calculations in ref. (101},

then one gets BR(B; + noK-) = ﬂxio-s f thus again one would need 0{107) bh events

to be able to observe CP-violation in the decays of Bﬁ mrsans. Observation af CP
vielation in the other decay mode mentioned earlier namely R; 3 D‘D' would need simi-
lar gtatistics; the case for observing the asymmetry in B; + K J/¥ decays s even
veaker, requiring 0(109) bb events101). We shall not present any rates for asymmetries it
the Bz decays since the rates of B: production at LEP and SLC energies 1s exprcted

to be very small, with probably ntBiX) £ 10-3 athl) a reasonable guess, Judping
Frnmal G(e+ef » J/W+X) /oot € 10—3. Since the expected charge asymmetry fn the
standard model 18 very small, exclusive two body decays provide an interesting but
challenging alternative. Tt 15 quite poessible that the CP-violating dlfference in
some of the partial modes may attain as high a value as 107. The =ucecess in ob-
serving such differences, however, hinges entirely on the ability to recopstroct

bottom hadrons in the relevant (bhut alas wvery much suppressed) exclusive modes.

In summary, in the standard scenario of CP vialatton in hatblom hadrens the
general features are qualitatively very clear. The physical quantities in hottom
hadron decays, which involve wirtual Bo-ﬁo tranzittons and are sensitive lo CP-
vinlation, need hoth large mtxings, 1.e. large x = AM/F, and large relative phases,
l.e.either lgrﬁg z = 1/2 Im(T,,/M,,) or large ¢, in order tn yield mnnsgrnh];
rates. For Bg-By transitions, AM/T << 1 since the CKM ratio [Vig / Vbe! € X% .

_'r]_

0 -0
For B,-Bg transition , the phases z or 4 are small due to CKM and GIH

suppressions., Thig is a pattern intringic to the standard model and it leaves

l1ittle room for any educated guesswork within the model. The other c¢lass of

0 -0 - .
CP-violating quantities, namely ifnvolving B » f, B 2  decays where f is either not

- 0 -0
reachable by B or 1t is not a CP eigenstate, do not invelve B -0 virtual

+ +
transitions. The problems here, as well as In partial rate differences In B, and B.

decays, are more of practical nature. They require measurements of rate differences

-2
of (10 )} for specific hottom hadrons in exclusive decay modes, with effective

-4
branching ratioes of O{10 ) or less. Many, probably all "easy" modes involve b 4 u

5 - -
decays, With 0¢10 ) e'e” 3 bh events at DORIS and CESR, there 18 not a single

inclusive nor exclusive decay mode seen Involving the CKM suppressed b

+ u

transition. Measurement of the CKM element Vp, will redure at least one

uncertainty. Ability to measure specific decay modes at a rate hetter than 57 is a

lot more demanding goal. Tt seems reasonable to conclude that measuring CP

vinlatinns at LEP and SLC is very pr&hahly not going to be a first generation

experiment. The guestion is whether it would at all be possible to detert CP

violation in botton meson sector at LEP?

Tt 18 certainly conceivable that the standard model in not the whole

truth! In that case one could have additional effective tnteractions,

like for

14
example In the SUSY extension of the standard model ), which contribnte bhoth Lo Re

¢ -0 o -0
(M5 and Tm(M,,), thereby enhancing AM/T and IMEM,, / T,,} both in the By~B, and B.-B,

transitions. This would lead, among ether things, Yo a measurabic 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-

1062)
vinlations have a spontaneously broken symmetry origin , then CP-vinlation

effects In the bottom and top mesons will be very muh enhanced., Like for the SUSY

models, in the multi-Higgs models alse the delicate cancellation obtaining {n the

o -0
standard model leading to a small value of =z = 1/2 il , /7 Mont A the Re-Bg sector,

will be upset, again leading to ohservable CP-violation effeetz in virtual transi-
103,

tions . While on the track of theoretical speculat jons hevond the o tcetared mode D,

one should alse mentlon left-right symmetric model= Losed on the SCO2y w S0~

104 + .
(1) group ), vhich contain additional gauge bosonws Wp , Zp and Higps=cs, bolh
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charged and neutral. The implications of these models for mass mixing and Ch-viola-
tion in heavy hadrons have recently been studled in ref. (105}, The =eeneric jn the
left-right Symmﬂtrfc models 1s that the quant ity Re(AM/T) for hatl H:fﬁg_nud P:*ﬁ:
syst.ems approximately retains its value in the standard mode], hut the quant ifies
Im(M, /7,5 and 4 for the Rz-ﬁg syztem get eohanced. This conld again Jead tn
nbaervable charge asymmetry NN from the B;—ﬁz transition, Likewige, addit fennd
CP violating phases obtaining in the four-generatinn quark modn]s?7) can also Tead

0 _o 0
to the enhancement of Im(M,,/I ,} and ¢ for both the Rg-Ry and Ro-Bo systems.

Tn view of the mulLiple "chaice™ of P violating non—standard effective
interactions, our experimental ecolleagues are well adeised to entertain (he
possihility of observing CP-violations in hottom physics serinusly. Unfortunatels,
there is no positive indication yet for the existence of these addil jannal
tnteractions anywhere and hence the seales of the nnu—nlnﬁdnrd forces are not
presently known! Definitive predictlens are therefore hard to make. Instend, we
have pointed out specific suppression mechanisms for CP violations. These
mechanisms are endemic Lo the stamndard three=family model and are expected te fat}
in an extended theory, thereby making the CP-violation phenomena experiment ally
accessible at machines with high bottem hadron yield and good taggings, like for
example LEP. It may be that like the kaon beams one wonld need extracted hotton
hadron beams to study CP~violation. This however {5 possihle only in 1 ge badron

106
fixed target machines .

6, Summary and Conclusions

In the precceding sect ions we have discussed some salient features of heass

quark physics expected at LEP and SLC energies, Theagh most of the rate ralcula-
tinng presented above are made for LET, 1he theoretical framewor o on vhich theer
calculations are based has a wider range nf interest. In particular, most aszpoct s
of charm and bottom physics disenssed above are also relevant. for phyvefes helow the
I.FP energlies. For example, sectinns 3-5 rondaln a aysltemat te sty of rare
tran=itiens and derays of bobtbtom hadrons, which is also the maio Phrost ot e

physics research programme at CESR and DORIS,
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This report can be broadly divided into three main categorirs. In section
Z, we have reviewnd the general features of the productien and deecays of heavy
quarks, in the framework of QUD and standard model. This inclndes measvrements of
the total hadronic creoss-section, forward hackward quark charge asymmetry,
inclusive leptonic and hadronic decay rales of the bottom and Lop hadrons and their
lapton energy spectra, rates for multileptonic states in top decays, measurements
of my through semileptonic spectra and effects of the top quark pnlarization an the
final states. This 1s the main fare of the physics programme invelving unheund
heavy quarks at LEP. The interest here lles in the precise determinatbion of the
vector and axial vecter couplings of the heavy quarks, many of which are either not
acressible at lower energiecs or are presently poorly defermined for Tack of
statistics, Experiments at LEP hopefully would complete Lhe fermionte coctog
of the standard model and confirm that the t-quark reolis bejonis to oan S77002 0

doublet, with expected couplings.

The second category of effects invelving heavy quarks are the ones that
aim at. measyring suppressed transitions, invelving the CEM matrix elements |Vpgi,
Vgl and Vegql. Only the element |V, is, in principle, measurable at CESR and

I'tbaulu)

DORIS. The present reliable 1lmit on the ratto R = is R=¢0.08 In

Tiblug)
particular theeretical srenarioz, ene expects [V, / Vpol = 0.05 - 0.1, We dis-
cusaed the prospects of measuring the ratio Wiy / ¥pel at LEP through the trans-
%g%, measured with respect to the jet axis.,
With 0010 ) 7 - hx events per year per detector it would certainly he possible ta

verge lepton energy distributions,

meazure Vi, / Vel at Lhe .1 level. Beyond Lhat the systematic errnrs, both from
1

pr measurements and jet axils determination as well as {rom theoretical wnecertain-

tirs, will dominate. We have only presented the gross features of the exprriment al

methad here. This probiem deserves further theoretical study.

Measurements of the matrix elements [Vegl and Vgl are the aneant ssted
damain of experiments at LEP, thongh sucte measarement s are by no means poing o be
easy, in the standard model one expects [Vl = IV, ) = 0.05 and Vgl * 0.01.
There is some hope of measuring Vil if the top gquark is aceessible o 70 't

decavs, without any appreciable suppeession. Unfortunately the end-point speclera in
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2 =
T

the rest framn decays t > h1+u1 and t - si+u1 difler by an o aman -
AT .

for mg = 40 GeV. This would require a lepton energy resolution g of bhetter than
17. One will have to combine Ej measurements with identification af the halrons in
the process t 2 J+K. Again, the {ragmentation uncertainties can be aveided if it
hecomes possible to congtruct the tep quark jet axis, which should be possible in
the decays ZO SETIET m. is not very high, say m_ = a0 Ge¥, The branching ratio

in any sperific channel fovolving t » d transition is expeated to be JOLS. Tt
laoks prahibitively small awd very probably Wy g} will only be determined indivectly

through precise measurements of Vyy , Vg and nnitarity.

In section (43, we discussed the virtual transitions MO [ ﬁn. The inter -
exst here ix mainly in the R:-ﬁ: and ngﬁg mixings. Goch transitions can alse lead
to induced mixing effects in the decays of charged top mesons Tz R Ti ete. There
are three final states in which effects of the virtual Ro-ﬁo transition= are
exprcted ta manifest themseclves: (1) same sign dilepton produrtion in Lhe process
e+e- + bh =+ ltltx (11) reductien in the bottom quarks electroweak charge asymmelry
measured, for example, 1n the process o+e_ 4+ hb 3 1*x and (111 lepton-knon corre-
lat fons in E+ﬂ_ + bb - ltK;K;K. In terms of the mixlng measure Yy defined in the
text, the present limtts from the final states (1) and (i1} are y < 0.12R3’ gl
x < 0.13qs from n‘n_ annihilation experiments at PEP and PETRA, respect tvely.
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_ s s o)
Prezent data {rom the CERN collider for the precess pp - p+p X

! sungest Y OARQ?
There are no 1imits on x from the process (1ii) yvel . Our conclnsinn is that with the
large bottom stattstes expected at LEP, it would be possible to tes P-T omixiugs in
all these final states at the level x > 0.04, suggested by the VAT data. The corpes

£

o -0
lation (111} 15 sensitive only te the Bg~Bg mixing and a positive measuremenlt of O

would confirm the standard model prediction rg >3 rg.

The third categnory of effects at LEP are related to CP vialatlios in the

bottom hadron sector. These were reviewed in sectlon § and tnvolve measurement s of

++ -
N - N + - = T % + -
—EE ~-— in the process ¢ e > bbh o+ 117X, L1 X,
N + N

either the rcharge asymmebtry a =

or else differences in partial decay rates. The quantity which determines e ral e

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

this to be ¢ 10_q in the standard model which makes 1t unsccesstble at LEP with

realistic running time. The differences in the partial rates M and 6”‘1,. defined

in the text, could be as large as 107 in some specific channels of bottom hadrens.

Unfortunately, most of these parttal modes have small branching ratios ¢

0(10_9 - 10'"). The ability to reconstruct botteom hadrons in specific decay modes

13 gning to be of cructal importance here. Realistic estimates would have

0t106 - 107) bb events for CP violalion to be measurable in partial decay rates,

given a good bottom hadron reconstruction efficiency. There are a number of nen-
++ -

N - N

standard scenario which could enhance by an order of magnitude, as well as

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

aquipped to take an alm at that!
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Fermion N¢ af AL
Ve, Yy, VU i 1/72 t/2
2
e, y, T 1 -1/2 ~1/2+2sin 8y
2
v, €, t 3 1/2 1/2~-4/3sin @y,
2
d, s, b 3 -1/2 | ~1/2+2/3s1in 0y,

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

of electroweak interactions,

Decay modes BR(Z) | RR{Z} | BR(Z)
i (113 (111)

v 6.3 6.2 .1
e+e = p+u- =TT 3.1 3.1 3.1
dd - ss 1a.4 | 14.4 | 14.4
bb 14.3 14.3 14.3
T 1.2 | 11.2 | 11.2
tE £.3 6.5 6.7
Tigr (2} (GeV) 2.69 2.18 2.92

0 - [
Tahle 2a: Branching ratios for the decays 2 ff and the Z  decay
wvidth including Olag} and mass corrections. (i) m, = 32 GeV,
2 2
sin 6, = 0.23, (i) my = 93 GeV, sin Oy, = 0.225, (1ii) my =

2
sin 8, = 0.217. All entries corresponcd to the values mg

NS = 0.2 GeV with ne = 5.

C-83

Decay modes BR(I) | BR(D) | BRUD)

(1) (11 | tiii?
o 6.5 5.4 6.4
T 3.3 3.2 3.1
dd = ss 14.9 | 14.9 | 14.9
bb 14,8 14.8 14.8
un = e 11.6 11.6 1.6
tt 2.8 a.1 3.4
Trotr (Z) (GeV) 2.59 | 2.8 | 2.82

Table Zb: Same as table 2a except for my = 40 GeV

Necay modes BR(Z) BR(I) BR(Z)
{17 (i) {iii}
wo 6.6 6.5 6.5
11T 3.3 3.3 3.2
dd = == 15.1 15.1 15.1
bb 15.0 15.0 15.0
w1 = cc 11.8 | 11.8 11.8
tt 1.4 1.7 2.0
Tror (Z) (GeV) 2.55 2.64 2.17

Table 2c: Same as tahle 2a except for my = A4 GeV
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Fermion ag Standard My {CeV) | @, (GeV) KsL Lo 7 RRE)
Modrl 7
4.8 1.5 0.868 0.427 3.075 13.9
u 0.50 £ 0.03 0.5 1.6 0.872 0.390 2.R87 14.5
d -0.49 % 0.05 -0.9 1.7 0.874 0.353 2.733 11
[ 0.55 %+ 0.17 0.5 1.8 0.878 0.318 2.018 15.8
3 - -0.3 4.9 1.5 0.8p7 0.439 3.203 13.7
b ~0.54 + 0.17 -0.5 1.h 0.871 ¢.402 2.812 14,3
t - 0.5 1. 0.874 €. 3hA 2.a85 1.7
e -0.49 + 0.03 -0.5 1.8 0.071 0.231 o : j
Y -0.51 % 0.05 -0.5 5.0 1.5 0.868 0.Aa0t 3,331 13,5 :
T -0.44 = 0.07 0.5 1.6 0.871 ~ 0.414 2.937 14.1
1.7 0.874 0.379 2.515 14.7
1.8 0.8717 0.344. 7.241 15.3
Tahle 3 : Present status of the axlal vecter coupling 5.1 1.5 0.868 0.462 3.454 13.4
constants ag and the standard medel predictions (from ref, (49)) 1.6 0.870 0.426 3.06 13.9
1.1 0.815 0.391 Z2.696 14.5
1.8 ¢.87h 0.356 2.361 15.1
my, (GeV) C4 C. Knr. | 5.2 1.5 0.868 0.473 3.574 13.2
o 1.6 0.871 0.438 3.181 13.8
4.8 0.855 1.369 1.120 1.1 0.873 0.403 2.813 14.3
4.9 0.856 | 1.365 1.124 1.8 0.87h 0,300 2.474 14.9
5.0 0.837 | 1.360 1.120
5.1 0.859 | 1.356 1.116
5.2 0.860 [ 1.352 1.120 Table Sa: (XD earrection factor in Olag) for the senileptonic decay
width, Kgp, and the functions o and 7. defined in the Lext for the
b » r transitiong. Also shoun are the semileptonic branching ratios for
Table 4: QCD correction factors for the non-leptonie the b-quark decays.

decay witlth of the bottom quark.
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mGeVy | my(GeV) Kst, Lu 7y Modes | Widths T} BRT)
4.8 0.3 0.p18 9.193 6.931 t > bev, | 0.79 'Vbt|2- 10.7
0.4 0.823 0.779 £.169 S by | 0.79 Wyl 10.7
0.5 0.827 0.761 5. 960 s brog | 077 MWyl 10.50
0.6 0.831 0.738 5.731 > bud 2.38 |Vbt'2 32.4
4.9 0.3 0.817 0.793 6.387 s bus | 0.3 1Vt 1.1
0.4 0.824 0.1787 6.735 > bed | 2.3 1pet” 3.9
0.5 0.828 0.764 6.039 s bed ! 0.12 |Vbt|2 1.1
0.6 0.832 | 0742 | s5.810 svbe | 216 Wpet Vel | To5x107
5.0 0.3 0.817 0.794 6. 442 > seve | 0.87 Vgl ax107"
0.4 0.824 0.784 6.297 » spwy | 0087 1veql” ax10™"
0.5 0.829 0.167 6.109 s stor | 0.86 Vgl 2-9%107°
0.6 0.832 0.745 5.885 sand | 260 1Vl 9etx10""
5.1 0.3 0.818 0.796 6.49% v sun | 0.4 Vel AeBx10
0.4 0,825 0.786 6.357 sscs | 2.08 Vel 9.0x10° "
0.5 0.829 0.770 6.175 > scd | 0.13 IVygl 8. Tui0 "2
0.6 0.833 0.749 5.957 o dx 8.9 Vgl ¢ 1x1077 .
5.2 0.3 0.820 0.798 6.550
0.4 0.826 0. 788 f.414
0.5 0.830 0,713 6.238 Table 7: Reduced Widths, Fiv for the top quark decays as defined
0.6 0.833 0.752 . 027 in text and the expected branching ratios, for my = A0 GeV.

Table Sb: QCD corrections factor in ({a&g) for the semileptonic

decays, Kgr, and the functions 1., and Z,, defined in the text for my (CeV) 7 Zg ft
the b » u transitions.
30.0 6.5% [ B.17 6.71
m (GeV) c+ €- Kpn. 35.0 7.07 | 8.19 | 17.09
40.0 7.34 | 8.20 7.36
30.0 0.955 1.097 0.951 A5.0 7.51 8.20 7.53
35.¢0 0.962 1.080 0,946 50.0 765 | 8.21 7.67
40,0 0.958 1.067 0.943
a5.0 0.974 1,054 0.940
50.0 0.978 1.045 0,738 Table 8: The functions Zy and Zg and the

Table 6: QCD correction factors for the non-leptonic dreays

of the top guark,

reduced width ft for the top quark decays
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Decay Mnde | Branching ratlo ()
t 2 0lx 41.4

+ 11x 47.8

3 21x 14.3

+ 3lx 1.5

-4

+ 41x 2.8x10

> 5lx 107"
HL/E> 0.786

+
Table 9: Branching ratilo for the decays t 3 (nl x} using

the measured semileptonic branching ratios for the bottem

+
and charm quarks and rt > vy

Decay MHodes ce bh tt E:
0
7 2+ 11x 3.7 6.2 .0 10.9
> 21x 0.46 | 2.27 85 3.58
> 3ix - .49 s .87
+ 4lx - 034 .09 0.124
2 S51x - - L0t 0.011
4 -1
+ 61x - - B8x10 Axt0

o
Table 10: Branching ratios (Z) for the inclusive derays 7 2 nlx

0 - - -
{n=1,...,6) from the decays ¥ -+ cc, bh, tt » nix, for m

AQ Cel.

- 89_

Hodes Branching Ratins (I)
o -

D+ KX 55.0
o +

D » KX 2.5
D' o+ KX 30.0
ot s K'x 6.5
s KT 20.0
+ +

F o+ KX 30.0

Table 1

meson decays D,F 2 K X used in the calculation.

1: Inclusive branching ratios for the charmed

X5 i U | Stk | PO | KRR | TR x| sakmo
0.0 | 35 735 | 0.045 420 1000 3640 0.4
0.20| 55 745 | 0.075 475 955 3620 0.34
0.30] 90 680 | ©.130 525 935 3600 .20
0.40] 105 665 | 0.16 540 925 3595 0.25
0.50| 115 655 | 0.175 570 900 590 0.23

5 -
Tahle 12: Estimated rates based on 10 bh events for the prodoction of dilep-

ton and lepton kaon Kaon states 1n e+n- 3 hb o+ 1] X, IKKX {1 =

93 GrV with cuts described in the text,

poF o) oab a3 o=
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Fig 1: The O(GS? corrected branching ratio, BR(Z + tt),as a function of tap

2
quark massyvalues for m, and sin 8y as indicated.

Fig 2:

The roefficients vy

0 -

tot

t
" Ttot
sections dg and ﬂq az functions of p(} quark mas§/henm energy] (from ref. 33).

€= Rg 1,y

'
and YF for the cross

T
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Fig 6: The transverse leplon energy distribution %g+ bhased on e,

decays b + clu
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Fig 24. Feynman diagrams contributing to the width and mass differences Al and &AM for
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The CP-violating parameter Z defined as Z

d

=1/2 Im [,, / My, for the neutral

bottom meson sector with the indicated values of the Bag constant, B, and the

ratio R (from Buras et al. in ref.
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