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Recently a considerable amount of both theoretical and experimental effort has 

been given to Heavy Flavor Physics , mainly since 

• The Q Q system is simple Spectroscopy and successful calculations are 

possible . 

• A good separation of the Heavy Flavors ( Jets , Mesons ) is possible. 

So 1 Single Flavor Jets or isolated processes can be studied in analogy to 11.---+ eil;Vp 

decays. 
Therefore : 

1. We can determine the Standard-Model parameters like masses, and the K-M 

matrix. 

2. We can check the validity of the Standard-Model by the absence of forbidden 

processes. 

3. We can test for flavor independence required by QCD . 

4. We can find possible clues for new physics, for 41h generation effects, for new 

CP-violations in B0 decays and others. 

1 Introduction 

1.1 Historical comments 

The experimentation of Heavy Flavors began with the discovery of the J j W(3097) 

and shortly after the W'(3685) in November 1974 

The spectroscopy of CHARM started immediately , but the expected charmed

mesons, cU cd etc 1 were discovered only q years later, and some (the F' -see 

Fig.1) only after 9 years1 . 

• 1977: The T is discovered2 in P ;- A--~ 11.--+- Jl.- + X at FNAL. 

• 1978: The 1' 15 (9460) and the T 25 were seen at DESY3 and two years later 

at CORNELL' (Fig. 2). 

• 1983: Evidence for the B-Mesons starts to be. accumulated (B-Meson seen in 

the CLE05 experiment) (Fig. 3). 

• 1984-5: Beautiful examples of Beauty decay are seen directly by visual techniques6 

(Fig. 4). The B" is seen and the B' - B mass difference is determined7 • 

In general , so far , the production and decays of Heavy Flavors is essentially 

explained by the Standard Model of Electro-Weak interactions, including all QCD 

effects. So far , no deviations from the Standard Model have been reported, even 

though we know that it cannot be complete , for several reasons like : 

1. The Generation problem : 

(a) Why are there Generations ? 
What distinguishes them (masses , angles) ? 

(b) Why 3 Generations ? Are there more ? 

2. Why does the electron have the same charge as the proton ? 

Are quarks and leptons connected ? 

(a) Does it imply that leptons and quarks are made from the same funda

mental constituents ? 

(b) Do they belong to the same representation in a grand unification scheme? 

3. Many open questions , like 11- ~ e 1 decays , etc. 

Thus , testing the Standard Model again and again is crucial, in order to find an 

experimental hint in which direction the new physics beyond the Standard Model 

goes. (detailed discussion given by H. Harari , this conference) 

1.2 Decays : Zweig Rule 

The p,w,¢ decay strongly into hadrons since its original quark and anti-quark 

continue into ,the final state as constituents of the final mesons, viz 4» ~ KK 

-+K~ 

~ -85% s /u·· BR(<l>~KK)-
(~ <I>------..._~-.......,__ -+K+ 

s •-.......u 

But the decay-~---+ pn is already suppressed (only 15% BR) in spite of the bigger 

phase space factor it has. This. is essentially the Zweig rule : Reactions in which 

the original quarks disappear are suppressed . 

For the case of the J jW , or T , the above favored form of constituent continuation 

is energetically forbidden (2*M{D0 ) > M~). Thus they decay via high order QCD 

diagrams, or electromagnetic annihilation : 

'~: ' 

As a result , the J jW and T decays are slow, and they are narrow states. 
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1.3 The KOBAYASHI--MASKAWA matrix: 

Back in 1972, prior to the charm discovery , Kobayashi and Maskawa8 considered 
the electro-weak theory with 4 colored quarks and 4 leptons in 

SU(3)c x SU(2) xU(!) 

broken by one minimal Higgs doublet. 
They observed that this theory with : 

( ~ ) L ( : ) L ( ; ) L ( ~ ) L' UR ' dR ' 'R ' 'R ' 'R ' MR 

and (H0 ) , w± , Z 0 .1 and Gluons, while having the GIM mechanism9 an.d sup
pressing FCNC (Flavor- Changing- Neutral -- Currents) is indeed CP invariant, 
since U (the quark mixing matrix) is real 

u ~ u ( cosOr 
c -sin Oc 

sin Or:: ) 
cos Or 

d s Oc = Cabbibo angle 
To obtain CP-violation , they introduced a 3rd generation , 

(!U":)L 
In this theory the charged current for quarks will be of the form : 

J, ~ (uct )L '' UKM (; t 
UKM is a 3 x 3 unitary matrix, describing the mixing in the quark sector. 

This matrix has one phase 0 which is arbitrary and if 6 =1- 0 one can get CP
violation in KL0 - 1r1r. (over-all phases are absorbed into the coefficients). 

Later10 it was shown that with 6 quarks a model of observable CP non -con
servation in K L 0 

- 1r1r decay can be built , with little or no effect elsewhere. 
The Kobayashi-Maskawa matrix was given as : 

u ( 
,, _,,,, _,,,, ) 

SJC2 C1C2C3- S2S3fi~ C1C2S3 + 82C3fi~ 
. i~ u 

S 1S2 CJS2C3 -t C2S3f C1S2S3 + C2C3f 

c, =cosO;, Si-:= sinO;, i = 1,2,3 

01 , 02 , 83 are 3 angles equivalent to the Euler angles , and 6 is the above phase . 
This matrix has also other representations , and will be discussed later . 
The quark mass eigenstates {d,s,b) are related to the weak interaction eigen

states (d',s',b') by this matrix: q'=U · q 
Alternatively , it specifies the quark couplings in the charge changing weak 

interaction current 
J" ~ q1 ,. ( I - ,, I u q 

Several alternative forms of the K-M matrix have been used in the past few years. 

3 

A crucial experimental task is to determine the parameters of the K-M theory 
and thereby test the Standard Model Obviously only Heavy Flavor physics can 
offer a complete determination of the K-M matrix, by life-time measurements, 
reaction rates, CP violation in the Kf decays and perhaps eventually in B0 decays. 

ln this review we shall concentrate on recent quark ( c and b ) life-time mea
surements (see section 2), heavy quark fragmentations (see section 3} and finally 
on some "exotic" decays (see section 4). 

2 Heavy Quark Life Times 

2.1 Life-Times , GenE>ral : 

Within the standard clectro-wt~ak theory all flavor changing transitions between 
quarks and leptons are due to V\.7± coupling (no FCNC are allowed): 

v I 1/1' 1 //~ 1 q Q,q ' 
~, T, Q w':'"'" y', Jl ' u , c 

~//-- //"' d, s 

so we have a Universal Weak coupling for all Fermions, if one can neglect flavor
mixing final state interactions and take the Kobayashi-Maskawa coupling Vq,q to 
be >:::: I for Heavy Quarks. 

Indeed i V ! ~ 1 for Cabbibo Allowed Diagonal Transitions 

Then we have ( B. is the electronk branching ratio): 

1 I Gp 2 
fi 

~ X-- X ML' 
TL B, 1921T3 Tq 

c,' 
X--

B, 1921r3 

Note the extreme sensitivity to the mass : 51
h power . 

2.2 DE>cay rates and Life-Times 

X Mq 5 

Let us compare the semi-leptonic decays of charmed mesons and muons : 

UR lLB ttc 1/p V, 

w+ /zdRdBdc~' 
/_ 

' '(d) 

w- /z' v, 

" v, 

q q "Spectator11 light quark 



The spectator model diagrams seemingly account for most of the decay rates. 

ln this approximation the Charm decay rates are : 

r,,,., 5( ~· )'r(l' ~ evv) 

" 
The factor 5 is due to the 3 colors and 2 possible leptonic W decay modes in 

c decay . 

2.2.1 Semi-Leptonic branching ratios : 

Since in general one has : 

therefore : 

life-timer 
1 

ftct 
B.R. 

ft(D ~I vX) 
r,,, (D ~all) 

and clearly ft (n+ -t t vX) = ft (D0 
--t f. vX) 

T (D+) 
T (D') 

1 I rt;,t 

1 I r~ot 
rj I riot 
r~ I r~ot 

BR(D+ ~I vX) 

BR(D' ~ lvX) 

Thus the semi-leptonic branching ratios of the n+ (VO) and their life-times are 

related in a simple way . 
Furthermore , measuring the life-times gives us information on the Kobayashi

Maskawa matrix elements relevant to the Q-transitions since the complete expres-

sion is: 

ro 
G ' X F 5 

Be 19211'3 X Mq X L I Uq,q1 1
2 

2.2.2 Tbe r lepton : 

Let us use as an example the T lepton life-time. A recent experimental life-time 

compilation is given in Fig. 5. 

r.-(mea.s.) = (2.95 ± 0.25 ± 0.35)·10- 13 .sec. 

From the theory (sec. 2.1) we get : 

r7(calc.) = (2.82 ± 0.18)·10- 13sec. 

(uncertainty from Be(r)=D.l76 ± 0.011) 

The agreement between theory and experiment is excellent. 

Comparison of the T and Jl life-times yields a test for lepton universality. The 

ratio of the weak constants is a;, 
G~ 

~ 0.97 

5 

2.2.3 c-que.rk life-time measurement: 

Sufficient data on the c-quark decays became available recently , so that individual 

determinations of the life-time of the charm mesons is possible : 

n+ c d ' d 
D0 = c u 

n
ffi ' u 

p+ = c s r ' s 

The main Feynman graphs related to charmed mesons decays are given in Fig. 6 . 

Different diagrams can contribute to n+ and D0 decays and thus their decay rates 

need not to be equal. ln particular, if the W - exchange contribution to D0 decay 

is,large, one expects 1' (D0
) < 1' (D+). 

The life-times are usually obtained by measuring the event impact parameter 

distributions defined in Fig. 7. Alternatively one uses directly the flight - path -

measurements in the vertex-reconstruction method, in which the secondary vertex 

is reconstructed by several tracks and its distance from the main vertex is deter

mined. 
Examples will be given for the usage of each method. 

Direct life-time determinations are possible only at energies well above thresh

old and not in the "D-factory region". Consequently, one does not have high statis

tics measurements of D - life-times. In order to overcome resolution problems at 

high energy one usually selects D's by imposing sharp cuts on the mass- difference 

between the n•+(K-'1r+1f+) and D0 (K-?r+); since the decay ·v· -t D has a tiny 

Q-value most of the m~asurement errors cancel out and one obt8.ins very narrow 

and clean peaks in the distribution of the quantity : (the c.c. states are also 

included) 
6 M ~ M (K-~+~+) - M (K-~+) 

corresponding to n•+ -t 1r+ D0 followed by V -t K- 1r+ , and similar ones for 

other decay modes. Several recent distribUtions of CM, obtained at PETRA11 and 

PEP12 , are shown in Fig. 8 and Fig. 9 respectively. In all cases the background 

is small and one then uses the events in the peak for life-time measurements. 

In a recent experiment at PEP , MARK II12 obtained the life--time distribu

tions of no (73 events , D 0 
-t K 1r, K 11"1r0 ) and v+ (23 events, including 7 ± 2.6 

background events, from v·+ --t D+11'0 ,D+ -t K-1r+1r+ decay). They obtained, 

from maximum likelihood fits tO the data (see Fig. 10): 

r(D') 

r(D+) 

( 4.4~g:i ± 0.5)·10- 13.sec. 

( 8.5~~:: ± 0.5)·10- 13.sec. 

The (preliminary) HRS12 results (Fig. 11} for no also yield similar values and the 

recent compilation13 of D life-time gives: (see Fig. 12) 

r(D+) 
T (IJO) ~ 2.4 ± 0.3 

As mentioned above , neglecting Cabibbo suppressed modes this can be directly 

Compared with the v+ I D0 electronic branching ratios. 
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In a recent experiment MARK HJI 4 measured these decay modes and obtained: 
(see Fig. 13) 

BR (D+ ----> lX X) , +o.s , 
BR (Do~ IX X) 00 2.3_0, I 

We see that they are in excellent agreement. 

0.1 

~ So another piece of our current understanding fits into the puzzle. 
Other Charmed Mesons and Baryon life-times are not yet well determined. 
For example : F± , Ac . see Fig. 14 (from ref. 13) 

2.2.4 b--quark life-time measurement : 

Here the situation is much more difficult since very few B--Mesons have been 
identified , in exclusive decays Thus , the standard method is to use semi
leptonic decays and to measure the impact parameter distribution for the muonic 
and the electronic events. Alternatively, one is using the vertex reconstruction 
method, in events having final state leptons, or selected events which are b -
decays enriched compared with b - deplet.ed13

• 

The most recent results are : 

1. Lepton sample: MAC'84 results 15 see (Fig. 15) , impact parameter method: 
505 events , < d >= (70 ± 22 ± 10)11 

rb = ( 0.81 ± 0.28 ± 0.17 )-I0- 12sec. 

2. MARK ll'85 results 16 : 

(a) by decay length distribution of the secondary reconstructed vertex, in 
events having a high P and a high Pr lepton as a tag (P > 2 GeV jc , Pr 
> 1 GeV /c) , see Fig. 16 : 
551 events, < l >= (413 ± 43)11 

rb = ( 1.25 ~g:r~ ± 0.5 )-10- 12sec. 

(b) by impact parameter method (see Fig. 17): 
551 events , < d >= (80 ± 17)~t 

rb = ( 0.85 ± 0.17 ± 0.21) w- 12sec. 

3. Hadron sample : TASS0'8517 results (see Fig. 18) 
Used average impact parameter of all tracks in a b enriched sample and t:om
pare to b depleted sample (and M.C.) 
9000 tracks in b enriched sample, < d > ~ ( 100 ± 17)~t 

rb = ( 1.57 ± 0.32 ± 0.35 )-10- 12sec. 

Note :Since TASSO does-not demand leptons, they are measuring a true average 
of the b life-time, but it could be different from the lzje-time measured in leptonic 
b-decays. 

A summary of all B-Meson life-times is given in Fig. 19. The b life-time is 
longer then the c life-time in spite of its higher mass (by a factor ~ 3.3) which 
would require, in the simple minded picture, a life-time shorter by a factor of 3.35 

::::::: 400 than the c life-time. This shows that transitions from 3rd to 2nd generation 
are strongly suppressed as compared with transitions from 2nd to }81 generation 

7 

2.3 Determining th(' KOBAYASHI-MASKAWA matrix: 

Consider K-M representation : 

_ ( u .. d u.... u ... ) 
U - Ucd Uc.• Uob 

Utd Ut. Utb 

The diagonal elements are expected to be large since they represent transitions 
within the same generation ( Cabbibo allowed ). 

1. The element U"a (u ~ d) is best known from {3 decay , and has the value18 

U,.J == 0.9733 ± 0.0024 

2. The element U"' (u i==' s) is responsible for strange particle decays and mea
sures basically the Cabbibo angle. 
Analysis of Ke3 decays

1 ~ : 

K+ ---t "JT 0 e~ v 

K 0 ~> "IT± e'~' v 

and from the CERN hyperon decay experiment19 yields the average "best 
value" : 

u .. , ~ 0.225 ± 0.005 

2.3.1 Charm transitions: 

U"(' ~ d) 

Again , semileptonk decays of the type 

D ---> w f. v 

D plv 

are best suited since final state interaction can be neglected. 

Until recently , there existed little data on these Cabibbo supressed decays. 
However one can get a fair estimate of this term by the study of Cabibbo supressed 
hadronic D-de(~ay, as was done now by MARK III 20 (see Fig. 20). 

They get : 

0.122 ::±_ 0.018 ± 0.012 
f(D'~K-K') 

J' (D0 -• K "IT+) 

r (D0 ------> "JT-w+) 
.. = 0.033 ± 0.010 ± 0.006 
f(D0 ~ K n+) 

These reactions ratios should have been equal and measure (except for the phase
space corrections) 

·' i u,, I 
~ I u" 

under the assumption of exact SU(3), no final state interactions21
, 

and uod ~ -utJ.• . 
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From the K" and K , p-t and 11"-t final states they get 

I u,, I' 
I u, .. I' 

This then yields (taking IV •• !~ I) 

~ 0.05 ± 0.03 

I v.d I ~ o.23~g:~~ 

From detailed analysis of v-reactions CDHS 22 found : 

I u" I ~ o.24 ± o.o3 

Thus we obtain the nice result : Uod ~ Uu, , for the first non-diagonal element. 

2.8.2 Charm favoured decays : 

u •• (c- s) 

Uc.• can be determined from the D life-times and the semileptonic B.R. 

Using: 

BR (D ~ K' v) ~ 0.55 ± 0.1 
BR(D~c+X) 

r(v-t __, K 0 e-t v.) = 1.5 X 10 11sec-l X II_f-... K(o)l
2 

X I Uu 12 

and taking lfl 2 ~ 1 (SU4 symmetry,SakuraF3
) we get: 

1 u" 1 ~ o.82 ± o.J3 

Other derivations, which depend on unitarity assumptions 23 ,and using data from 

v experiments we have : 

1 u" 1 ~ o.972 ± o.oo2 

Thm also , Uud ~ Uc~ . 

2.3.8 b-Matrix Elements ,U,.1. ,U1 .. , 

(b- c,b- u) 

Again , the best method is to study these matrix elements by observing direct 

b-decay: 
f (b ~ u I v) 
r (b ~ c I v) 

In nice and beautiful experiments CLE0 24 and CUSB25 measured the e and J1 

spectrum in the 'Y'(4s)-·B semi leptonic decays ; (see Fig. 21) 

The upper-limits both groups get on the ((~:~J ratio {90% C.L.) are : 

• CUSB : < 5.5% 

o CLEO:< 4% 

9 

Using the more stringent result of CLEO and correcting for phase space we getu : 

1 u", I 

1 u,,l 

1 u," I' 
1 u,, I' 

< 0.14 (90%C.L.) 

r (b ~ u I v) 
p· 

f(b ~ clv) 

where pis the phase-space factor,p ~ 2.I, for mb = 5.214GeV, m. = 1.1GeV, 
mu = 0.15GeV 

From the b life-time we can get now I Ubo I , I Ubu I : We had above 

1 1 Gp 2 
5 2 2 

- ~ - x --, x M, x { 0.45 1 u,, 1 + 1 u," 1 } 
TQ B. 19211" 

The term in { } depends on the quark masses , and on dynamical enhancements 
of the non-leptonic modes ; se.e Gaillard and Maiani26 • 

NoW using: 

we get : 

< Tb 

BR 

> ~ (1.1 

(b--> c) 
(b ~all) 

± 0.2) . w- 12 sec 

( 11.6 ± 0.5) % 

I u,, I ~ o.o5o ± o.oo5 

I u," I <: 0.010 (90% c.L.) 

Note : The b has a long life-time , since it cannot decay within its own generation 
- (only off diagonal elements). The decay t - b is expected to be fast and hence 
the t life-time to be short. 

Our knowledge of the Kobayashi-Maskawa can be summarized as follows. 

Using all possible weak interaction data of" old" mesons and 
heavy flavors we get (assuming unitarity 23 ): 

u ' ( .9737 ± .0025 .231 ± .003 < .0055 ) 
I U;; I ~ c ' .231 ± .003 .972 ± .002 .048 ± .005 

< .015 .048 ± .005 > .999 ± .001 

d: " b' 

This is obtained by determining the Kobaya..shi-Ma..skawa angles from the presently 
avaible data and calculating the transitions which are not directly observed. 

We note that the matrix has the approximate form (phenomenologically) 27 : 

I'' Gen. ( I X X' ) 
j U I = 2nd Gen. X 1 X 2 , X ~ Cabibbo 

3rd Gen. X 3 X 2 I 
~ sin e. 

There seems to be an hierarchy of the mixing strength (!) 

( I ~ 2 ) :» ( 2 ~ 3 ) :» ( I ~ 3 ) 

10 



As mentioned above (sec. 1.1) the origin of this order is not known and can 

not be explained by the standard model, just as the masses can not be explained 

within the model. 
Recently, Fritzsch 28 proposed an "A nsatz'' on the quark mass matrix form, relating 

the mixing angles to the ratios of the quark masses. He obtains, for example, 

1
-----
ma mu 

1 u", I "' I u" I "' -- + - "' o.23 
m.. ntc 

in good agreement. ! 

Clearly, much more work is required, both therotica\ly and experimentally, in 

determining all angles and phases in the model, for a complete test of the theory. 

3 Heavy Quark fragmentations 

A good way to determine quark masses is via fragmentation. The fragmentation 

of heavy quarks will involve in general the emission of a heavy flavor hadron and 

of several light quark hadrons. Hovewcr, for kinematical reasons, a larger amount 

of the original quark energy is taken up by the Qi]-meson, compared with the light 

quark fragmentation (Bjorken29 , Suzuki29 ). The kinematical effect can be easily 

visualized by considering the hypothetical example 

p + p .......,. (Hydrogen Atom) ·t (Hydrogen AtO~ 

one would get then 

• All final state momenta of H and Hare maximal. 

• The proton takes the entire energy and the electrons almost none. 

3.1 Fragmentation Functions : 

The fragmentation is parametrized by a scaling function : 

f(Z), z = l~ + Pil)me~~~ 
( E + p11 ) quark 

Peterson30 (1983) proposed a fragmentation function of the form: 

f(Z) ~ - (- 1--::_ -'"--)' z 1 - z l z 

with : Cq ::::' ( ::) 

2 

In practice , one uses "practical" Z definitions 

For e+ e.-

z = XE 

or 

Z =: Xv = 

£,.,,..,,. 
EJ., ... .,. 

IPI, ... ,, 
(E£-m~,P-'"")~ 

11 

~ut , X is different from Z because : 

1. Due to perturbative QCD gluon emission Equark < Eb.am at the beginning of 

the fragmentation , hence : X S: Z. 

2. QED corrections in the initial state (bremstrahlung) reduces Equark· 

3. At high energies some c-quarks are already decays of b-quarks , especially at 

low X 

_Note: All the above effects are energy dependent. 

Thus , in order to obtain a consistent picture and to compare experiments 

at different energies , the above effects must be corrected for31
, 

(see also analysis in ref 40) 

We roughly expect 

f 0 '""""' ( 0·~~5° 5 ) 2 ::::'0.1 (b '""-' (~~J2·tc ::::'0.01 

A qualitative example of the expected heavy quark (D") fragmentation func

tions, f(Z), and the above corrections are shown in .Fig. 22. 

~_ate : While for the determination of ( 0 data at all energies can be used, for 

< Z > only the PEP /PETRA data is used , since at lower energies , because of 

the threshold in Z = f,~~~. of 0.3 · 0.4, the Z-range is small. 

3.2 c - quark fragmentation 

3.2.1 D- mesons: 

A large amount of new data on heavy quark fragmentation was presented recently 

from both PETRA and PEP experiments. Some of the old results on the n·± are 

shown in Fig. 23, from which the value32 c, ~ 0.25 ± 0.1 is obtained. 

The 1985 data is much more accurate and we show in Fig. 24 - 25 some new HRS 

D- meson data33 (based upon a luminosity of 255 pb- 1 and excellent momentum 

resolution , Opfp = 0.2p (GeV) % ) as well as the scaled D·± cross sections (in 

Fig. 26- Fig. 29) for the reaction 

e-t + e .......,. v·.± + X 

from TPCjPEP-4 34
, DELC035 

, HRS3
G and JADE37 

They all seem to converge to a valul:' of c, of about 0.25 - 0.30 and a value 

of (Z,\ of~ 0.5 - 0.65. This will be further discussed later on. 

S.2.2 c - fragmentation for F mesons : 

Since F =: cS (cs), one expects to find f..F > c0 , and to obtain a somewhat 

softer fragmentation function. The world F data is still meager 1
•
3

B, but the above 

statements do not seem to be contradicted . (see39 Fig. 30 - 31). 
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3.3 b-quark and c-quark fragmentations from semi-leptonic decays: 

Since sizeable sample of B -· mesons in specific decay modes are not yet available, 

the only way to study b - fragmentations is in semi - leptonic decays and this 

involves a statistical separation of c and b - events. Thus we shall treat both 

together in one sub-section. 
There are, in general, three main sources contributing to the semi - leptonic 

final states in high energy e+ e- interactions: 

1. 

2. 

3. 

b ---t c l Ve 

c-->slv. 

b ---t C + X ---t C f_ Ve + X 

In addition , in every overall search for leptons, the pure experimental backgrounds 

(converted photons, x 0 Dalitz decays and hadrons faking leptons) have of course 

to be substracted away from the leptonic spectra. 

In most cases, the yields of reactions (1) - (3) above as well as the determination 

of (Z) and t:q, are obtained by comparing the data with the results of Monte Carlo 

calculations, utilizing existing models. Since the heavy quarks have a large mass 

difference, one is able, by introducing appropriate p, Pr, s (or t) cuts, to obtain b -

enriched or c - enriched samples and reliably determine the parameters of interest 

in spite of the heavy utilization of the Monte Carlo model calculations . 

We shall survey some of the recent results . 

3.3.1 The TASSO results: 

TASSO has presented lepton inclusive data from a luminosity of 75 pb- 1 

at '""' ..,fS = 34 GeV 
Both channel were studied : 

Muon data: 

e+ e- ___, J.l.± + X 

e+ e- ___, e± + X 

From a sample of 1136 J.l. events with p~?: 1.5 GeV, they got40
: 

BR ( b ~ p + v + X) ~ ( 11.7 ± 2.8 ± 1.0)% 

BR ( c ~I' + v + X) ~ ( 8.2 ± 1.2 +~ ) % 

(Zb) = 0.85 ± 0.11 ~g:g~ , (b = 0.0025 ~g-~25 ~g:~i3 
(Zc} = 0.77 ± 0.06 ~g:~~ , (c = 0.006 ~g:~~ ~g:g~3 

with Z ~ ( E + Pil ).od 
( E + P11 )Q 

The Flavor Changing Neutral Current ( 95 % C.L. ) upper-limits are : 

BR ( b ~ I'+ 1'- X) < 2% 

BR ( c ___, J.l.+ Jl- X) < 0.7% 

13 

Electron data : 
From a sample of 1110 electron events with Pe ? 1. Ge V, they41 

have obtained (Fig. 32): 

BR ( b ~ e± + X) ~ ( 11.1 ± 3.4 ± 4.) % 

BR ( c ~ e± + X) ~ ( 9.2 ± 2.2 ± 4.) % 

(Zb) = 0.84 ~g:!~ ~g:~~ , t:b = 0.005 ~g:gg~ ~g:gg~ 

(Z.} = 0.57 ± 0.10 ± 0.06 1 t:c = 0.19 ~2:~~ ~g:~~ 

for p? 1 GeV /c, p1 ?: 1.5 GeV /c. (Clean sample, 82% prompt electrons). 

S.3.2 The MARK-J results: 

The MARK-J collaboration42 studied the Jl events , with p~ > 1.5 GeV jc, in the 

reaction 
e+ e- ___, J.l. + hadrons 

ln order to get the fragmentation functions they did a simultanous fit to : 

• T - thrust of hadronic events 

• p - momentum of the J1 

• PT - transverse momentum of the J1 relative to the T axi~ 

They obtained the branching ratio of muonic decays Be ,Bb , fb and ( 0 , f 

(see Fig. 33) : 

BR ( c ~ M + X) 

BR ( b ~I' + X) 

( 8.8 ± 0.7 ± 1.1) % 

( 12.4 ± 1.3 ± 2.) % 

(Z,) ~ 0.46 ± 0.03 ± 0.04 , .)<; ~ 0.79 ± 0.11 ± 0.15 

(Z,) ~ 0.74 ± 0.02 ± 0.03 , .,!4 ~ 0.164 ± 0.024 ± 0.059 

They also fitted f(Z) independently at each Z-bin , and comfirmed the above 

values. The results of this fit is given in Fig. 34 . 

3.3.3 The JADE results : 

"" mq 

In a new measurement of the muon spectrum in the hadronic events, the JADE 

collaboration 43 has determined the semi-muonic branching ratios of band c hadrons. 

They have fitted the J.l. - momentum distribution out of the event plane ( P otlt -

distributiori- see Fig. 35) and also the Pr distribution (f.L - momentum _l to the 

Thrust axis), to Monte Carlo calculated distributions by a maximum likelihood 

fit. 
The fit (also shown in Fig. 35) yields the following results : 

BR ( b ~I' + v + X) ~ ( 11.4 ± 1.8) % 

BR ( c ~I' + v + X) ~ ( 8.9 ± 1.8) % 

These are in good agreement with the results of other experiments. 

14 



3.4 Summary : 

The summary of all up to - date fragmentation parameters is given in 
Fig. (table) 36 . 
For the n· , after correction for QCD , QED , E.,rn one gets the following value31

: 

(see Fig. 37) 
(Z,) ~ 0.71 ± 0.014 ± 0.03 

Thus, the corrections indeed lead to good agreement between a large number of 
experiments. Further work is clearly required on all other c and b decay parame
ters. 

Con_sequences 

1. Since forD' ,from the above ((c), the Peterson parameter Ee(D') turns out 
to be about 0.04 , one calculates for the light u , d quarks a mass of 0.3 Gev 
with me taken as 1.5 Gev. This is reasonable for constituent u , d quark 
masses. 

2. Since m_, ~ 0.5 GeV , we expect that : 

fc(F) ~ 0.09 (Z,) "' 0.65 

Indeed the experiment shows (Fig. 31) that F fragmentation is softer. 

3. For the B-meson, since mb ~ 5 GeV we expect that: 

(Z,) ~ 0.85 

again verified by experiment (Fig. 36) . 

3.5 Direct b ___, c decays 

In concluding the fragmentation section we wish to quote a very nice and in
teresting result from CLE044

, in which a first direct measurement of the decay 
b ---> c + e- + v was reported {see Fig. 38). The experiment indicates that a 
large fraction of all b decays are compatible with the mode b ---> c + e- + v, and 
that the resulting D" momentum distribution agrees with the spectrum expected 
from the V-A decay of a point like B hadron (B ___, n·-t e·- v) of mass 5.275 
GeV jc. 

4 " Exotic " Effects 

4.1 Observation of rolor suppressed reactions 

a~Jfw~x 

In the new (1985) data at the T(4s) runs , both at CORNELL(CESR) 45 and 
DESY(Argus) 46 , the colored-suppressed reaction B ---> JjW + X was seen 
(Fig 39-40). 

IS 

-+ Hadrons 
q --- ( usually K, K") 

' W/~ 
/ ~ \jl COLOR 

{ SELECTION 
RULES 

Since lhe IV is a color singlet a suppression is expected. The result is : 

CLEO BR ( B ~ J /w + X) ~ ( 1.10 ± 0.21 i 0.23)% 

ARGUS BH(B~Jjw • X) c (1.37'g~)% 

Prior to the experiment~'; K(lJlN and Rf1CKlY havf'estimat('d it to be (1.6-2.4)%, 
and that the color-suppression (a factor of 3 in amplitude or a factor of 9 in rate) 
should bt cltaner for htavy quarks (i.e. IV production) , since: 

1. The light quark q above , cannot decay into a c quark , and must remain 

spN\ator . 

2. The final statf' interaction of thP W -t Hadrons is negligible (Zweig rule). 

3 For Jlf'avy Quark . soft gluon interaction is unimportant . 

Jn fact , in light quark final states thf' Color--Suppression i" not b}" a factor 
of 9, but only by factor of 2. {MARK IIJ 4

R, 1985, (Fig. 41)} 

cr 00 ·BR ( U" ~ 11 + 7rt ) ( 0.237 ± 0.009 ± 0.013) nb 

a
0
o·HR ( D0 

__, K 0 -t ,' I ( 0.108 ± 0.020 ± 0.010) nb 

u u 
/)(1 }K All Colors 

' " ·' Possibl(' I I., · "-=::::::::: d } rr ' (No Suppres::<ion) 
u 

" u 

w- /<" } rr" Color has 

D" to Match 

/ d } },'" (Suppression) 

' ·' 

4.2 S<'~rch for Flavor Changing N<'utral Currl'nts and 8°-lJf·' Mixing 

4.2.1 Flavor Changing Ntoutral Currtonh : 

The e:xpf'Timf'ntallark of observation of stran~f'n('s::< chan~in~ neutral-curr('nl'l. 
i.g. A:£ --> ~~· J..l was l!:xplaintd by thf' GI~f' TTH'chanit-;m , which predictf'd tlw 

If• 



4th quark, charm . The generalisation of this to 6 quarks , means the absence of 
flavor-changing-neutral-currents altogether {Note that 5 quarks models may 
have flavor-changing-neutral-currents } . 

A flavor-changing-neutral-current , would lead to e.g. a symmetric pair of 
oppositely charged lepton. 

zo /< 
/ s or d b 

q 

Note that sequential decays : 

b--;ce-v 

! 

q 

"+ 

,-

---t s e+ v 

,+ 
or : 

' 

leads also to opposite sign leptons , , but J.t + e pairs are possible. 
MARK II has new results on this topic49 

, in which the 2 jets are separated 
(because of the high energies) , but they have a mixture of c and b jets. 

CLE050 at the T(4s) had only b's (or c from b) , but no jet separation . 

• The results are : 

All data agree with the standard theory on neutral current. Flavor chang
ing decays have not been found · with 90% C.L. CLEO gives a braching 
ratio for (b--; e+ p_- X) < 0.3% , for flavor-changing-neutral-current con

tributions. 

4.2.2 no - no mixing : 

In exactly the same way that one has mixing in the K 0
- K 0 system , one may have 

mixing in the no- no and B 0 - so systems. Several authors have speculated that 
the B~- B~ system should exhibit observable mixing (for a list of latest references 
see ref. 49). 

The B~ system is : 
B~=bs,B~=bs. 

Furthermore , the mixed states could be combined into : 

{ 
Bf ~ Bs + Bs 
Bs = Bs - Bs 

We shall have large mixing if the mass differ~nce 

(~m ~ M(BL)- M(B8
)) 

is large enough , so that the phase between BL and B 8 can change appreciably 
in one life-time T ,.., f 

17 

Thus the parameter : t.rm is a measure of the effect expected 
In general one may also expect CP violating effects like for K 0 : 

K' L 

B~ = 

I 
~ • {jK:) + 'lKf)} 

1'1 ~ (2.27 ± 0.08) X 10_, 

~· , • {jB:) + '" jBf)} 
VI T I(B! 

It is of course an exciting possibility to observe and measure €B , and find another 
CP-violation in nature23 . 

( In the existing K- M matrix , a 0.1% --; 1% effect is predicted ) . 
The measure of the mixing is : 

Td,.• 

r(Bl .. ~e-) 
f (B0 --=. £+) 

'·' 
(here B 0 = b containing hadron ) 

Other parameters are : 

N++ + N-
R ~ 

N++ + N + N+-

and the CP-violating parameter : 

r + r 
r+f+rf+1 

N++ N--
a ~ 

N++ + N 

MARK II49 in the full 220 pb- 1 statistics obtained the following total lepton yields: 

events seen lepton cuts 
G,v 

sample e's I' 's I PI I P< I 

b-enriched 574 362 >2 >I 

c-enriched 1159 570 >3 <I 
I 

The limits they get are shown in Fig. 42 and in Fig.(table) 43 (di-leptons). 

Thus, while with 90% C.L. , Td is< 20- 30%, r. = ~ :~:;: could be rather 

large! 
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Future: Some calculation 51 (Cronin eta!. , S!';'OWMASS'84) and estimates say 

that at the SSC they will have~ 1300 events having a specific B 8 meson decay in 

one year of running : 

B "''"' £± B--+ IPK0 

Then a measurement of an = ~:~~= could be attempted !!! However, it is 

conceivable that 51 the Zo decays in LEP /SLC will serve as bottom-factories in 

which the Bo mixing and the CP violation will be determined later. 

4.3 W - exchange in D 0 decays 

As a final point we would like to mention again W-exchange diagrams. In exam

ining the D0 
- n+ life-time ' it was evident that the spectator diagrams cannot 

explain the data, since they would imply r (D0 ) = r (D+) , in contradiction to 

the data. 
The possible importance of W ~ exchange diagrams - relevant only to D 0 

decays -was mentioned . 
Very recently (June 1985) ARGUSr-2 has seen the decay D 0 

----> WK£: 

c s 
} <l> 

I 

c}K" w+ I D' I 
I 

u d 

They got (see Fig. 44): BR ~ (1. ± 0.32 ~ 0.17)% 

CORNELL 53 (CLEO) measured (preliminary) the inclusive B -+ ~ + X rate . 

(Fig. 45) 

The inclusive result is : BR ~ (2.3 ± 0.7 ± 0.4)% 

The 4> spectrum is consistent with the 1% ~K~ ,measured by ARGUS. 

These diagrams and other unique graphs may eventually explain the D0 shorter 

life-time. 
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The raw and corrected values of< Z >,as calculated in ref. 31 
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Kinematic Opp. Jet Opp. Jet Same Jet 
Regions Opp. Sign Same Sign Opp. Sign 

both 10 4 4 
b-enriched (10.0 ± 2.0) (2.5 ± 0.7) (2.5 ± 0.8) 

b-cnriched 17 3 5 
& c-enrichcd (16.8 ± 5.3) (5.9 ± 1.5) (5.5 ± 1.5) 

both 13 2 4 

c-enriched (11.8 ± 3.2) (1.2 ± 1.0) (3.7 ± 0.9) 

Total 40 9 13 
(35.6 ± 10.3) (12.6 ± 3.2) (11.7 ± 3.1) 
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Same Sign 
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, I 
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