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L. INTRODUCTION

Flavour physics was opened by the discovery of the muon, and by
the celebrated Rabi sentence: "who ordered that?". Indeed, the
replication of quark and lepton generations is one of the most fascinating
misteries of modern physics. We do not understand it any better now
than fourthy years ago.

Progress in physics comes more often from asking "how" rather
than "why". Seen from this side, the existence of heavy copies of the
first generation of quark and leptons has been a real God blessing, and it
has provided crucial clues to the understanding of fundamental
interactions. Three examples will suffice.

i) The muon and strange particle B-decays have been crucial to
establish the universality of the weak interactions, a concept that
eventually led to the unified gauge theory of today.

ii) The strange particle mass spectrum has given a solid basis to the
very notion of quark.

iii) The narrow width of the JAy has given the final support to the notion
of asymptotic freedom in strong interactions.
Flavour physics of today is interesting and vital as it was in the past,
as I will try to indicate in this talk and, I am sure this Workshop will
demonstrate.



2. QUARK MODEL AND NON-LEPTONIC WEAK
INTERACTIONS

Seen in retrospective, it is impressive how well the naive, non-
relativistic quark model reproduces the spectrum of s-wave baryon and
meson states.

In the exact isospin limit there are in all 16 independent masses, and
6 independent parameters: two symmetric masses, Myg and M)\, the

strange and up constituent mass, mg and my;, and the strenghts of the
spin-spin hyperfine interaction, apf and aR:

MB 2
m. m i

spin - spin = i2=j Sj (2.1)
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This leads to the 10 mass relations reported in Table 1. The failure of the
last two relations is well understood in QCD, in term of the anomaly of
the axial U(1) current. Otherwise, the relations are extremely successful.
Note further that the sign of apg (ag) agrees with that of the one-gluon

exchange for color singlet qq states (or antitriplet qq states).
A remarkable failure of the naive quark model occurs for non-

leptonic weak decays, notably in AS=1 strange particle decays. The
AS=1 and AS=0 weak currents carry I=1/2 and I=1 respectively, so one
would expect a similar mixture of Al=1/2 and AI=3/2 in the current -
current product and, consequently, approximately equal rates for
K*t—on+ 10 (AI=3/2) and Kg — nt*n~ (AI=1/2 and 3/2). As is well
known, the experimental amplitudes are in the ratio of about 20:1 in

favour of Al=1/2. This is perhaps the only known case where the naive
quark model prediction is far away from the experimental number.

In QCD, some part of the enhancement[1] comes from the virtual
gluon exchange at short distances, which favours the Al=1/2 over the

AlI=3/2 effective hamiltonian by a factor of about 2-3. The rest is
supposed to arise from gluonic corrections with virtual momenta
between say the K-mass and the charmed particle mass. New terms in
the effective hamiltonian, arising from "penguin" diagrams, have been



Table 1

Mass relations for the JP=1/2+, 3/2+ baryons and JP=0-, 1- mesons in the
non-relativistic quark model. Masses are given in MeV. Note the failure of
the last two relations, which can be understood in terms of the U(1)

anomaly and n-n' mixing.

Relations L.h.s. r.h.s. Observations
;}(2+3A)=§(5+P) 1134 | 1126 SU(3) - relation
Y*.A=E*.-Y* 152 150 (Okubo-Gell Mann)
Y*-A=Q -=* 152 140
=-Y=2*-Y* 123 150 universality of mg-my

_ 3 » 1
A-P=Z(K"p)+ 7 (K-n) 178 178

2(A-P)+3(A-Y) - K*K

0.62 0.63 hyperfine interaction
2(A-P) p-m
o (mj-mj)-1
p=0 73 783 @ is pure s§ state
K*= i—(p«p) 892 896
=1 140 549 broken by U(1)
anomaly and -1’
n+3 L.
-Tﬂ= K 447 495 mixing




claimed[2] to give the correct order of magnitude effect, but the situation
is still unclear, particularly since penguin dominance would naturally
lead to a large value for the CP-violating parameter € /e, in contrast (?)
with the rather tight experimental upper bounds. Extensive calculations
in lattice QCD are being performed[3] to see if the large distance
enhancement is indeed reproduced. Time will tell.

The situation is a little better with charmed particle non-leptonic
decays. This subject will be discussed at the Workshop by Stech and
coworkers, so I will limit myself to a few comments.

i) The inclusive non-leptonic rates are more or less reproduced by the
QCD corrected effective hamiltonian. The lifetime ratio:

<+,

D)
7(D°)

= 25 (2.2)

and the corresponding semileptonic branching ratios may well be
explained by a combination of the negative interferencel4], which
reduces the D* non leptonic rate, and by the soft-gluon emission,[3]
which gives non-spectator contributions to the DO rate.

il) Exclusive D-decays are in a more confused situation. The pattern
predicted by the naive quark model, using the QCD corrected
coefficients of the effective hamiltonian,[6] does not agree with data.
Good agreement is obtained if one keeps the operator structure of
Hefs, but leaves the coefficients as free parameters.[7] The meaning

of this result is unclear, at least to me. There have been attcmpts[s]
to relate the structure of the coefficients which fit the data to the

expansion in 1/N (N being the number of colours). Although
interesting, I do not think a sound and convincing explanation has
been found yet.



3. THE PSEUDOSCALAR MESON-AXIAL CURRENT
COUPLING

For any (charged) pseudoscalar meson M=-Q-q one can define a
coupling fp according to:

<°‘@7ﬁs Q)IM(p)>=pufM (3.1

For quark masses which are vanishing or very small with respect to
AQCD (as 1s the case for the up and down and, to a lesser extent, for the
strange quark) f)/ is the order parameter of the spontaneous breaking of

the symmetry generated by the corresponding axial charge.
Although dynamically non trivial, the couplings fpj are sufficiently

simple quantities so that we may be able to compute them from first-
principles. Thus, the experimental determination of f)4 for all stable

pseudoscalar mesons would be very useful (other, more practical
reasons will appear in the next Section). Of course, fpf and fg have

been determined since long. Otherwise, we have a recently
determined(9] bound on fpy:

f, <340 MeV (3.2)

from the non-observation of D—pv.
Theoretical estimates of fpy and fg have been obtained with the

QCD-sum rule method by two different groups:

f = 170 + 220 MeV
} ref.(10)
f,= 100 + 130 MeV

f,= 190 + 30 MeV } ref(11) (3.4)

I will discuss in Sect.5 the most recent lattice QCD calculations.



The non-relativistic quark model gives

N!(o)l2
M

£=12

and, at the same time, it predicts the JP = 1-, 0~ meson splitting to be:

_m !

9 s Mm

One expects the wave function at the origin to be quite independent from
the heavy quark mass M, at least for large values of M. This has the

consequence that( 12];
2M . AM ~ MA(1) - M*(0") o (o) (3.5)
should be independent from M, as observed. The difference in mass-

squared is about 0.55 Ge V2 for strange, charmed, and beauty mesons.
Furthermore:

1 | 6
(3. )

Using the bound eq.(3.2), one obtains:

fs ~ 5 /% <200 MeV 3.7)

On the other hand, if the (M)'I/2 behaviour starts to apply already at the
Kaon mass, one obtains:



£y~ £ /% ~ 52 MeV (3.8)

which gives, most likely, the absolute lower bound to fg.

4. B-B MIXING

Perhaps, the most exciting recent development in flavour physics is
the observation of the mixing between neutral B and B mesons. The
first positive indication has been obtained by the UA1 collaboration[12],
from the production of equal sign dimuons in p-p collisions. Even more
remarkable is the result of the ARGUS collaborationﬂ"f], who observes
a non-negligible mixing between the pon-strange B4-B{ states, giving
rise to equal sign dileptons from the Y(4S) decay:

__NeEey+ Nee'e") |

d . -
N(e e)

=0.210.1 4.1)

Y(4S)

Upper bounds to the equal sign dileptons from B-B decay in ete-
collisions have been given by the CLEO and MARK 1I collaborations.
The large effect in eq.(4.1) came rather unexpected. Taken at face
value, it can be explained by the standard (three generation) model, if
the t-quark mass is rather large: lower bounds from 50 GeV to 100 GeV
have been given in the phenomenological analysis of ref.(15).
At the same time, one predicts uniquely a maximal mixing in the strange
system Bg-Bg (15>0.90).
To appreciate better how significant is the lower bound to the t-
quark mass, it is useful to give some details about the theoretical
calculation of rg.

Keeping into account the fact that the Bd-.Bd pair is produced from a

JP=1- state, one can relate directly r4 to the mass-difference and



lifetimes of the long and short states, By and Bg, according to:

2 AM)?
r= (AM) L M (4.2)

M2 + (AM)2 - (A2£)2 2[‘2 + (AM)2

AM =M, -M{ ~ 2IM (B —B )l (4.3)

1
I'= > T +T)) (4.4)

The approximate equalites in eq.(4.2) and (4.3) follow from the
neglect of lifetime-differences, which is quite justified for B-mesons;

M(%)_).BO) is the off-diagonal matrix element of the hamiltonian, in the
B,-B, basis.

M(B 0—)50) is computed from the familiar box diagram. After
integration over the internal lines, the calculation is reduced to that of the
matrix element of an effective, AB=2, hamiltonian of the form:

G’ 2 2 m,
* t .
He = U tb U td) 111t f(—) (1+QCD-corrections)
16m2
X dwr}l (1-y)b dy* (1-7)b (4.5)

M(B B ) = <B_IH_,B >

with f(x) a well determined function[16] (f(0)=1) and with calculable,
but not very important, QCD corrections. Uy and Uy are the usual K-

M weak mixing coefficients and we have approximated m.~m,;=0. Note
that internal momenta in the box diagram have an infrared cut-off of the

10



order of Mp>>Aqcp, so that the use of perturbative QCD to derive Hegy
seems to be well justified here, in contrast to the K,-K, case. Real

uncertainties arise in the evaluation of the matrix element. First, one
uses the so-called vacuum saturation approximation, whereby:

_ - 4
B@ 14 B= 3§ My (4.6)

This introduces another unknown, fg, which is next taken from the

estimates illustrated in the previous Section.
We know that [Uypl ~ 1 to a very good approximation. If we knew

IUsq4! exactly, we would get from eqs.(4.5) and (4.6) a prediction for the
t-quark mass (although dependent from the assumed value of fg).Since
we have only bounds for Uy4, we can derive only bounds for my
(always fg dependent). Writing[lz]:

Ui~ 8 y(-LB % @7
Yo

[

with 6, the Cabibbo angle, 8 the CP-violating phase, we havel17]:

y=1U_l =~ 0.06 4.8)
-2
B=IU,l<1.0x 10 (4.9)

The situation is illustrated in Fig.1, where lines of constant
r4=0.2 (0.1) are drawn in the B-cosd plane, and labeled by the

corresponding value of m¢ (fg=150 MeV or 110 MeV is assumed). The
lower bound to my is(P):

)
Fl6=os.

M{bac)

() Notice that |3<1.0x10'2 corresponds to

11



2
m,< 55GeV (r,;=0.1, f;=150 MeV, p<1.0x10)

m< 70 GeV (r,=0.2, f,=150 MeV, B<1.0x10)” (4.10)

These number agree with those given in ref.(15), given the slightly
different choice of the parameters,:

m, < 50 GeV (1, = 0.09, fy = 160 MeV; B< 1.0x 107)

m, <100 GeV (,=0.2, fy= 110 MeV; B< 1.0 x 107) 4.11)

From the r.h.s. of Fig.1 one could also read an upper bound to my-

Howevere, from the present limitation on B one can obtain an almost
vanishing | Ugl, so that this limit is not very significant, and it is
definitely larger than the limits derived from the close equality of the p-
parameter and of My, M, and sinzﬁw to the lowest order values in the
standard model, which give by tipically: m; < 250 GeV (see Sect.7).
The discussion goes essentially unchanged for Bs‘-ﬁs mixing, with
the substitution: Upg —U. Since | Upg/ Upg | 2~(8,)-2 ~ 16, the
conclusion that rg ~ 1 follows uniquely.
A fourth generation could change the relative size of rg versus rq.
Supersymmetric particles could also affect somehowl18] the theoretical

value of AM. The overall conclusion is that B-B mixing is a real
window on high-energy physics, which is a quite interesting argument
in favour of high-luminosity B-factories. Machines of this type are also
needed to determine rg, which is a crucial test of the standard theory. On

the other hand, the prospects to observe CP-violating asymmetry in
semileptonic By and Bd decays are rather remotel19], at least in the

standard theory.

12
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FIGURE 1
Lines of constant rg=0.2 in the cosd-P plane, for various values of my,
calculated for fg=150 MeV. For each curve, we give in parenthesis the
value of m; which corresponds to the same rq but fg=110 MeV (labeled
(a)) or to r4=0.11 and fg=150 MeV (labeled (b)). I thank A. Pugliese
for providing the calculation.

5. MORE ABOUT B-PHYSICS

Besides B-B mixing, there are several important issues which can be
clarified with a deeper study of b-decays.

i- b — u transitions The study of these transitions is needed to
determine the mixing coefficient Uyp, a crucial parameter of the

Standard Model. The present upper bounds to the ratio:

15



are obtained from the study of the end-point of the electron spectrum in
the semileptonic inclusive decay: B—e+v+ anything. The earlier
theoretical analysis[20] based on the parton model with QCD corrections

has been criticized on various grounds.[21] However, in the end, the
other methods give results which are not widely different from the

simple parton model approach, and the present conclusion is that(22]
R <0.25+0.20 (5.1)

I do not think that, at present, one can really justify any of the theoretical
proposals over the others. A real improvement of the situation may be
obtained from the study of the exclusive semileptonic decays, such as

B—oe+v+p(m (5.2)
or from the leptonic mode
Bop+v(t+v) (5.3)

In both cases, a theoretical input is needed: the vector form factor for
(5.2) and fg for (5.3). Both should be given in a reliable way by the

next generation lattice QCD calculations, so that efforts to detect
experimentally the transitions (5.2) and (5.3) are welcome.

ii. CP violation in B decays. The observation of any such effect
would be a first class result and a beatiful test of the present ideas about

CP-violation. Extensive theoretical studies[23] indicate that 107+108
B-decays are needed to obtain the required sensitivity level. Is this
experimentally feasible?

74



iti. b—wu non leptonicsThe non-leptonic transition:

B — uncharmed states
is induced by an effective hamiltonian which is obtained from the AS=1
hamiltonian with the exchange s—b, and, analogously, has both Al=1/2

and AI=3/2 terms. The difference is that the relevant momentum scale is
considerably higher, and one should be closer to the short distance

renormalization effect, namely A(AI ~ 1/2) = (2+3) A(AI=3/2) (see
Sect.2). Experimental results on this point would be quite illuminating.

iv. Rare b decays. These are a good signature for the physics beyond
the Standard Model. A recent interesting development is the

observation[24] that the decay:
b—s+y (5.4)

ie.:

B—-)K*+y, K T+Y, ...

may be quite sensitive to the presence of supersymmetric particles, and
provide limits which are quite competitive with those arising from high-
energy experiments.

6. FLAVOUR ON THE LATTICE

Lattice QCD is{25], at present, the only way we can explore the
predictions of QCD in the fully non-perturbative domain. The available
computing power introduces drastic limitations, however, whose impact
on the precision of the predictions is very difficult to assess.

i. The lattice spacing, a, and the lattice size, L, of today calculations,
performed typically with CRAY supercomputers, are of the order of 0.1

Fermi and 1+2 Fermi respectively. This makes lattice artifact effects (of
the order of aAqcp = 0.1) and volume effects reasonable but not
negligible. Furthermore, the size of L limits the smallness of quark mass

15



we can introduce. In practice, we have to work with quark mass of the
order of 100 MeV and extrapolate to zero to get to the chiral limit.

i1. Fermion loops are suppressed completely (quenched
approximation).

In spite of these limitations, the extensive calculations[ 26,27]
performed till now have met with a considerable success. Let me
mention just two cases.

The hadron spectrum of non-strange and strange particles is
qualitatively reproduced (once quark masses are fixed from the
ps-meson masses and the lattice spacing is calibrated, e.g. from the
p-mass). The proton to p mass ratio is still too large, but this could be
due easily to the errors introduced by the limitations (i) and (ii).
Calculations of fx[z-’] show clearly the sign of the spontaneous
breaking of the chiral symmetry (f;#0 when my=0) and the size of fy is
close to the experimental value.

Besides the traditional spectroscopy, I think there are further interesting

problems which can be studied in lattice QCD.
a) The value of f)f, Sect.2, for large values of the quark mass. We have

already preliminary results for fp, on a lattice of dimensions 163x48, at
B=6.2. We find(28]:

f, =180% 30 MeV 6.1)

which compares well with the QCD sum rule value. A systematic study
of the dependence of f)f from the heavy meson mass, to compare with

the scaling law eq.(3.6) would be interesting, and it would allow to
extrapolate to fg which, as discussed in Sects. 4 and 5, is an extremely

interesting quantity. Extrapolating with the square-root law, eq.(3.6),
we find:

fy= 110 MeV (6.2)

b) The computation of the matrix elements of four fermion operators are

16



relevant to the study of AS=1 non leptonic amplitudes. Furthermore, it
allows to test the validity of the vacuum saturation hypothesis, eq.(4.6),
for light and heavy systems. Defining:

- 4
<M. @ yu(l—ys)Q)z M>=B 3 £, M (6.3)

we have found(29] B ~ 1 for the KOEO system. Preliminary results for

the D, case also indicate a value close to unity[28]. Again a study of
the mass-dependence could allow to extrapolate to the B-meson, and
confront a reliable theoretical calculation to the experimental results on
B-B mixing.

c¢) The study of the moments of deep-inelastic structure functions, which
has been just started with encouraging results(30],

d) Finally, coming back to spectroscopy, a study of the J’=1/2- baryons
mass-spectrum could be very interesting. These states appear together

with the JP=1/2+ baryons in the correlation functions of baryon sources.

Unlike the JP=1/2- case, the non-relativistic quark model has few
predictions to make (too many parameters describe the P-wave mass-
spectrum) and it would be illuminating to compare the lattice results with
the already abundant but essentially neglected, experimental

information.[31]

7.NEW FLAVOURS AT HIGH ENERGY

Besides the t-quark, the search of new lepton and quark families is
an obvious target of the present and future high energy machines. The
idea of supersymmetry provides us with a new possibility: flavour
associated with elementary scalar particles, the supersymmetric partners
of the old (and new) fermions. The discovery potential for quark,
leptons and supersymmetric scalars of the next generation accelerators

(SSC, LHC and the high energy linear ete- collider, CLIC) has been

widely studied[32]. Generally speaking, we may hope to extend our
knowledge well above the weak scale,

17



Ag=250GeV =G, " @.1)

up to mass-values of the order of 1TeV.
To this, I would like to add a few comments.

i. Fermion flavours. All known quark and leptons receive their mass
from the breaking of SU(2)1, x U(1). Therefore we expect masses and

mass-differences of possible new multiplets to be at most of order Ag.

This goes well with the present limits obtained from p, the ratio of

neutral to charged current neutrino cross-sections, and from the W and
Z mass, which make it unlikely the existence of new lefthanded doublets

with a mass splitting much larger than 200 GeV (a recent analysis[33]
gives a limit to mg-my, of 180 GeV, which can be immediately applied to
a new chiral multiplet with Am = m).

Although there is no theory of neutrino masses, we can guess, on the

basis of past experience, that light neutrinos are associated with new
chiral families. In this case, neutrino counting from the Z, width is a

powerful and complementary tool to determine the number of fermion
flavours in Nature. At present, with pp colliders, we can determine the
ratio I'(Z)\I'(W) which depends from the number of neutrinos,
assuming that neutrinos are the only members of the new families to
participate to the real decay, and from the t-quark mass. Taking the
upper bound to this ratio from the combined data of UA1 and UA2

(95% confidence limit) one obtains that[34]:

-Nv = 3 is allowed for all values of my

-Nv =4 is allowed for m¢ < 70 GeV (7.2)
-NV =5 is allowed for mt <60 GCV

Note how close the upper bounds to m¢ for Ny, = 4,5 are to the lower
bounds from B-B mixing, Sect.4. I will come back to this point shortly.

18



ii Scalar flavours The first supersymmetric models(35] were based on
the idea that supersymmetry is broken by the same mechanism that
breaks SU(2)1, x U(1). Thus squark and sleptons were expected to lie in
the same mass range as, say, the t-quark. This kind of models has
failed to produce a consistent picture of particle masses. Present
supersymmetric models[36] are based rather on the idea that
supersymmetry is explicitely broken, at low energy, and introduce a

new mass scale, independent from Ap, and associated with the gravitino
mass, m3/). There is, however, a further concept wich forbids m3/ to
be arbitrarily large. Supersymmetric particles are supposed to cancel the
quadratic divergences that appear in the Higgs potential at the one loop-

level. If this has to happen in a "natural” way, sparticle masses, and
therefore m3 ), cannot be too large:

m, < (@ Ay = 0(1 TeV) (1.3)

(a quantitave analysis of the consequences of the "naturalness"
hypothesis for the sparticle mass spectrum has been recently carried out
in ref.(37)). In view of eq.(7.3), it appears that the next generation
accelerators are well-placed to look for squarks and sleptons, although
still higher energies may be required to kill supersymmetric models of
this kind.

iii. An intriguing scenario. At the classical level, a gauge theory
contains no restriction on the number of families. Including quantum
corrections, one finds that asymptotic freedom in the non-abelian sector
is lost when the number of matter particles increases beyond a certain
point (e.g. 16 flavours are needed to lose asymptotic freedom in QCD).
Is this a useful hint? Yes, if we believe that the Standard Theory has to
merge into a more unified structure, e.g. with gravity, at a large mass-

scale, A. If this is the case, and the number of flavour were too small,
colour and weak SU(2) forces would be asymptotically free and would

play no role at A, a quite unlikely situation. On the contrary, with N too
large, the gauge couplings would enter into a strong regime at A, << A,

19



which is again at odds with the idea of unification at A. The ideal
solution is that all gauge interactions become strong at A, which requires
a definite number of matter multiplets, typically very close to the value

which makes the one-loop P - function to vanish. These ideas have been
first applied to the standard theory in ref.(38), where N=8 families was
found to be required, a most likely excluded possibility. The
introduction of supersymmetry improves considerably the situation, and
leads to predict N=5 families(39). In the most recent analysis(40), the
supersymmetry breaking scale, m3/), was also left as free parameter. A
good fit to the low-energy gauge couplings is obtained, with:

N=5 generations

(7.4)
m,, < 2+3TeV
and with the upper bounds to the heaviest lepton and quark mass:
m, <170 GeV
(7.5)
m, < 200 GeV

It is quite satisfactory that the bound (7.4) agrees so well with the
"naturalness"” value, eq.(7.3). What is intriguing 1is that if we combine

the result (7.4) with the neutrino number cstimatc_q from I'(Z) / T (W),
see (7.2) and with the lower bound to m, from B-B mixing, one is led

to the striking result:

m, = 50 GeV

a prediction we should be able to test quite soon.

20



8. CONCLUSIONS

Flavour physics has been strange, charming and beautiful in the
past. We hope it will become truthful soon. Search for new generations
and sparticles, but also for the rare decays of B's may provide useful
hints about its main mistery: who ordered that?

Note added
After the Workshop, the result of a new experiment has appeared,

indicating a non vanishing and positive value for € '/e [41], Although
errors are still large, this most interesting result seems to be consistent
with the Standard Theory for a rather large t-quark mass, reinforcing the
conclusions drawn from B-B mixing.
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1. FERMION MASSES AND MIXING : THE QUARK SECTOR.

At last year Berkeley Conference, Mardano {1) reviewed our knowledge of the
Cabibbo-Kobayashi-Maskawa mixing matrix for three fermion families. His evaluation of the absolute
values of the matrix elements is repeated below :

d 3 b
u 0.9747 £ 0.0010 0.220 ¢ 0.002 < 0.009
+0.006
c 0.207 =+ 0.024 0.95 = 0.14 0'043-0.008
t < 0.14 < 0.53 < 0.999

A major contribution to the field is the definite observation by the Argus Collaboration [2] of
Bg° B4° mixing. This observation, in agreement with previous limits, implies important constraints on
the mixing matrix. Its restriction to the B4® B® channel (the B{® B;® channel is not yet open at the
Doris energy of the Argus experiment) makes it particularly interesting, B4° B4° mixing being expected
to be much smaller than B® B,® mixing. As a result, the early evidence for B°B° mixing announced
by UAI (3] without the ability to discriminate between the two channels has become of lesser
consequence. A detailed account of these results was presented by K. Schubert at the 1987 Uppsala
Conference (4). As a simple amateur, I shall therefore be satisfied with a qualitative approach and
restrict my presentation to the most salient features. The Wolfenstein parametrization {5) of the mixing
matrix is well suited to such an approach. The mixing matrix takes the form

1- 322 2 A3
U - - 1- §a2 A 22 + 0 (A4),
A 231 - p) - A )2 1
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where X\ = sin 8, = 0.22 (6, is the Cabibbo angle) and A =~ 1.0 + 0.2. All CP violation is in Im(p)
with this choice of phase (p is the only complex parameter), namely in Im(Uy,)) and in Im(Uyg),
making it explicit that there would be no CP violation if there were only two fermion families. More
precisely, all CP violating observables are proportional (6] to the quantity J = A? A® Im(p).

The formalism used in the description of B, B, mixing largely inherits from that formerly
developed for K, K, mixing, of which I consider appropniate to briefly remind the reader.

The mass matrix of the neutral kaon system takes the form

Moo= (Ml im® _ 1 (I‘l 0 )
-im' M, 2 0T,
where a non-zero value of m” is a direct revelator of CP violation. The relation [e] = 1/,/2 m’/Am

relates m’ to e, the complex parameter which contains the quasi-totality of our experimental
knowledge of CP violation and which is obtained from the amplitude ratios

14—~ =K - LAE ) G R Ag N
and
Moo = K = #%0°/Kg = 2% = ¢ — 2¢’,

The parameter e is accurately measured

lef = (2.27 £ 0.02) 10~
Arg (£) = (44.6 + 1.2)°

and, in particular, the agreement between the latter and the quantity tan™'(2 Am/T's) provides a very
powerful test of CPT invariance :

Im(Ko) - m(Ko)| < 107'* m(K,).

The ¢’ parameter is a revelator of CP violation in the decay amplitudes. Its absolute value is measured
much smaller than that of ¢. The most accurate measurement is from the NA31 Collaboration [7),
[e/e] = 3.5+ 0.7+ 04+ 1.2) 1072,

Calculations involving K- transitions are based on diagrams of the “box” type, Figures la,b,
and of the “penguin” type, Figure lc. In addition to these so-called “short-range” contributions there
exist also “long-range” contributions with intermediate states containing light mesons, Figures 1d.e. In
general, such calculations suffer significant uncertainties, in particular in the long-range case. A
quantity such as Am (characteristic of K, X, mixing) takes the form (box contribution)

« GF2 my sz B(K) Z [Ug U‘di”Usj U"djl i f(mi,rnj).

Here G is the Fermi constant, my is the kaon mass and fy the decay constant. The so-called “box
parameter” B(K) accounts for higher order corrections, usual estimates are between 0.3 and 1.0. The
sum extends over the 3 x 3 possible pairs of mediating quarks, each being weighted by a QCD
correction factor n (usually close to unity) and a mass-dependent term f. The latter is approximately
proportional to m;? for m; << my,, implying dominance of massive mediating quarks. The leading
terms in the A-expansions of the matrix elements qualitatively govern the overall behaviour. For
example, from

Uquud. A+ ..

sc Ugd" = A + ...
Ug Upg* = A2 A (L-p) + ...
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Figure 1. Ko-io mixing contributions.

we see that Am is of order A? and dominated by u,c mediation while m’, which must contain Ug Uyg®
in order to violate CP, is of order A? A* Im(p). Consequently |e| is of order A*, which explains its
small value, and the CP violating phase, Arg(p), is not much constrained. The measured value of |e|
implics a correlation between Im(p) and the top quark mass, a small valuc of Im(p) requiring a large
top quark mass.

The calculation of e’, dominated by Penguin-type contributions, gives typical values of |¢’/e|
between 10~% and 7 1072, It has become a challenge for experimentalists to evidence a non-zero value
of {c’/e]. The motivation is to exclude models of the superweak type, for which ¢ = 0. It must
however be recognized that such models have become of lesser interest. Our present understanding of
, the Standard Model favours e’ # 0 but |¢'/e] is not a very sensitive revelator of deviations expected
from fashionable extensions beyond the Standard Model.

The above formalism, developed for the KoK, case, applies as well to the D,D, and B, B, cases.
The leading terms in the A expansion of the relevant matrix clements are listed below :

B4 | UpcUed® = AA? | UpyUyd® =« AA% Uy Upg® = AAY(1 - p)
B%o UpcUes® = AA? UpyUus® = AX% Upg Ups® = AX?
D UcdUgu® <A UggUgy™ = A Uch Upp® =« A%

from which we infer the qualitative behaviour of Am, m’ and ¢, and the dominant pairs of mediating
quarks, in each of the threc cases :

Am m’ e
B4* As(1t) AS(tt) 1
B,° A%(tt) A%(tu) A?
p° A%(ss) A%(bs) A

In the D? case the most massive mediating quark contributing to mixing is the strange quark, and
dispersive (fong range) contributions dominate. The expected Am value is very small.

In the B? case we note that Am(B,°)/Am(By°) = A~ is large, illustrating the earlier statement that
more mixing is expected for B,® B,® than for B4° B4°. However, the reverse is true for CP violation
with ¢(B,°)/e(B4°) = A? : more CP violation is expected for B4° B4° than for B,® B,°.
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At variance with the K° K, system, the neutral B and D mesons have many possible decay
modes, resulting in [y & Ty . The calculation of the box parameters is believed to be more reliable for
heavier quarks and we expect B(By) > B(By) = 1. In fact a lattice calculation of box parameters was
presented recently with the result (8}

B(K) = 0.50 B(D) = 1.0
The Argus result is on the charge asymmetry of B3® semileptonic decays [2]

+ 2
o T(By ~ tx) _ (&m) - 0.21 * 0.08,

(B, + £ x) 2r2 + (am)2

implying Am/T = 0.73 £ 0.18.
From the relation (9]

Am & 0.15 ('B L L ) (B(B) fBZ) (mt )2
r 3.3 10 6 140 MeV 40 GeV

we sce that the measured excess (0.73 + 0.8 compared to 0.15) requires that at least one of the
brackets in the r.h.s. exceed unity. The constraints on the mixing matrix are conveniently summarised
in Figure 2 where the approximate relation

has been used. A natural way to reconcile all measurements is to accept a top quark mass in excess of
40 GeV, resulting in large expected values for Am/T (B4°) and [e] (K°). Numerous quantitative
analyses [9) are available in the literature, all concluding that a top mass in excess of 50 GeV is
favoured. They mostly differ from the confidence placed in the uncertain ingredients entering the
calculation and from possible prejudices against a large top quark mass. With these qualifications in
mind we may retain that the Argus result is perfectly consistent with the Standard Mode]l with three
fermion families as long as the top quark has a mass of the order of 100 GeV, a top quark mass lower
than 50 GeV being most likely excluded.

Urg
o (ATm) 1/} my

(ARGUS)

{Ko-Kp)
« lel /fmy)

A Ug
(known)

Figure 2. Constraints on m from the mixing matrix.

32



From the Argus measurement of ry we expect rg > 0.8, nearly maximal mixing in the B,° E o
chaanel, in agreement with UAI data [3).

The remarkable progress in our knowledge of the mixing matrix in the quark sector enables us to
name a number of interesting measuremnents to farther challenge the validity of the Standard Model : a
direct measummcnt of U,y from the observation of charmless decays of B mesons [10], a search for
the v »» decay mode of KX¥ which is now expected to occur at the level of (1 to 8) 1071 [11] and,
most important, the quest for evidences of CP violation effects in systems other than K, K,, a topic
likely to require the construction of new dedicated facilitics providing adequate rates of B, B, pairs
(the AX system is another possible candidate).

2. FERMION MASSES AND MIXING : THE LEPTON SECTOR.

Contrasting with the quark sector, the lepton sector is characterized by two distinct features :
vanishing neutrino masses and lepton flavour conservation. The topic was recently reviewed by
HJ. Gerber [12] : I shall once more be satisfied with a very brief review of the most salient features.

The most stringent limits on lepton flavour conservation are from three ingenious high statistics
muon experiments : the Crystal Box [13] at Los Alamos, with B(u = &y) < 4.9 10~!! and
B(p = eyy) < 7.2 107!}, SINDRUM {14] at SIN, with B(x = 3¢) < 1.1 107!, and the TRIUMF
TPC [15), with T'(n Ti = eTi)/T{x Ti = v..) < 2 107!, Improvements of the order of two orders of
magnitude on these limits are expected from the MEGA and SINDRUM Il experiments in the early
nincties. A new limit obtained by the ARGUS Collaboration [16] complements these measurements in
the r scctor. They find B(r = 3 charged leptons) < 3.8 1072, a result used by Haran and Nir [17] to
argue, assuming the validity of the see-saw mechanism, that the mass of possible unstable neutrinos
should not exceed 65 ¢V (cosmological bounds exclusively apply to stable neutrinos). In general, the
Argus result, though less spectacular than the limits obtained for muon decays, may be more powerful
at constraining possible lepton-flavour violating interactions (an effect of the larger masses involved in

the decay).

’ Several direct measurements of neutrino masses were reported recently, always in the form of
upper limits. Tritium B decay [18] has been the subject of thorough investigations following the claim
of the Moscow group for a non-zero #, mass: 17 < m(?,) < 40 eV. This result, obtained using
tritized valine molecules, is not confirmed by any of the three high accuracy experiments who have
reported new limits : the Ziidch group using tritiurn absorbed in thin carbon layers reports
m(7.) < i8¢V, the INS Tokyo group using arachidic acid reports m(p,) < 32eV and the Los
Alamos group, using molecular tritium reports m(¥,) < 27 ¢V. An unexpected and highly welcome
limit, m(7.) < 20 ¢V, is obtained using the time of flight of the few neutrinos detected from the
implosion of the SN 1987 A Supernova [19]. More stringent but less reliable limits may be obtained
by making additional hypotheses on the Supernova model. .

While the best limit on m(v,) remains that obtained from v + pv decays [20], m(v,) < 250 keV,
a new limit on m(»,) was reported by the Argus Collaboration {21] from a study of r - S«*(v°)v
decays. They find m(v,) < 50 McV, thercby improving on former kimits by the HRS and CLEO
Collaborations (76 and 85 MeV respectively).

Concemning searches for neutrino oscillations the situation is esscnua.lly ‘unchanged with respect to
last year [22]. The only reactor experiment to have claimed a signal [23] is presently being significantly
upgraded in order to obtain better control over systematic effects. Last year highlight was the
suggestion that the defect of solar neutrinos reported by the Homestake Mine experiment [24] could
result from the Mikheyer - Smimov - Wolfenstein mechanism [25] according to which the absence of
free muons in solar matter (and the resulting difference between v, and »,, interactions inside the sun)
provides a regeneration mechanism in resonance with normal 7y Ve oscillations in the region m’(v“)

m¥(v.) ~ 107*(cV)?. This conjecture gave much incentive to the new low threshold solar neutrino
experiments presently under construction [26]. Under this heading I also mention an interesting
comment [27] that regeneration in the earth may be expected to cause differences between day and
night (and therefore Summer and Winter) detection rates.
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I closc the present section with a few comments concerning double beta decay. On the front of
neutrinoless double beta decay the situation is essentially the same as last year [28], the best limit from
Germanium experiments being that of the Oroville Dam detector, T: /> 8 10?3 years. From this
result an upper limit m(v.) < 19 €V can be inferred for the (Majorana) efectron neutrino (better Limits
can be obtained under more restrictive assumptions). It is on the front of double beta decay with
Majoron emission [29] that new events have occured ; in January 1987 the Homestake experiment
(Pacific Northwest Laboratory and Umvcmty of South Carolina) announced its cbservation at the
level of T1; = 6 10%° years. This result has since been contradicted [30) by the St Gothard (Caltech,
SIN, Neuclhatel) and Oroville (Santa Barbara, LBL) experiments as well as by the Selenium TPC
experiment (Irvine), however with some model dependence. We shall await results from the large TPC
xenon experiments (Caltech, Milan) presently in preparation to consider the issuc to be resolved but,
meanwhile, it would be premature to consider the Standard Model as endangered on this front.

3. THE CHARGED CURRENT (V-A AND UNIVERSALITY).

Most of the new experimental results on charged weak currents concem 7 decays. New
measurements of the 7 lifetime are now available [31]. The 1987 average, 0.307 + 0.009 ps is slightly
lower than before. Data are from ARGUS (0.309 + 0.012 £ 0.012ps), CLEO
(0.325 + 0.014 £ 0.018 ps), MAC (0.309 £ 0.019 ps) and HRS (0.302 + 0.015 3 0.008 ps). The
Standard Model predicts the v+ e partial width to be (1.595 ps)~!. Using the new lifetime
measurement we infer for the + - e branching fraction the value (19.2 t+ 0.6)% while the measured
value is only (17.9 + 0.4)%, nearly two standard deviations lower. A new measurement of the Michel
parameter [32] was presented by the MAC Collaboration, resulting in a world average value (including
former DELCO and CLEO measurements) p = 0.73 & 0.07, still allowing for 40% V + A admixture
at 95% confidence level.

The technique of using tagged r-pairs has been extensively used to betier understand the various
decay modes [33,34] and measure their branching fractions with increased reliability. However some
deficit [12] is still present, at the = 6% level, for onc prong final states. The first observation of
1 - ova®g® decays was reported by the Crystal Ball Collaboration with a branching fraction of
(6.6 + 0.7 £ 1.7)%, consistent with the #*w~ w2y decay channel. Measurements of the branching
fractions in the #v and K» channels, by the HRS Collaboration, can be compared to predictions
obtained from the v + pv and K -+ p» partial widths with the results :

BR(r = m) = (109 + 0.6)% measured, (11.7 £ 0.4)% predicted,
BR(r = Kv) = (0.67 + 0.17)% measured, (0.76 ¢ 0.02)% predicted.

Finally, the apparent evidence for second class currents reported last year by the HRS
Collaboration who measured BR(r - vmq) = 5 + 1% is now superseded by new more reliable
measurements in which the n signal is searched for in both the 3» and yy decay modes. The absence of
signal is clearly demonstrated by several experiments, the best limits being obtained by the ARGUS
Collaboration, BR(r = vm) < 1.3%, and by the Crystal Ball Collaboration (who, however, had
indications for a signal a year ago).

The main contributions outside the t sector are a comprehensive analysis of muon decays using
the accurate experimental results obtained in the recent years [12] and an update of W decay
measurements by the UAI and UA2 Collaborations. The latter reports the observation of W ~ qq
decays [35], the former provides improved evidence for the universality of W decays into each of the
three leptonic modes by measuring [36] T(W - w)T(W - o) = 1.00 £ 0.15 + 0.08 and
T(W - »)T(W - &) = 099 £ 0.20 + 0.10. Both experiments are presently upgrading their
detectors in preparation for the higher SppS luminosity which should be available by the end of the
present year.

Finally, F. Sciulli [37] reported that an anomalous excess of same sign dimuons previously
observed in neutrino-nucleus interactions has disappeared : the measured rates (CCFR) are now
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smaller than in earlier reports and the theoretical prediction (from charmed sources) has significantly
increased.

4. THE ELECTROWEAK NEUTRAL CURRENT.

In the neutra! current sector there are essentially two standard model parameters ; the weak angle
describing the mixing between the neutral partner of W and the SU(1) boson (to obtain the Z° and
photon) and the p parameter relating neutral and charged current couplings. In practice several
definitions are possible depending upon the separation between tree level and higher order (radiative)
corrections. Thorough discussions of this subject are available in the literature, including detailed
studies of the semsitivity of radiative corrections to various processes [38]. It has now become
customary to usc a scheme [39] in which the weak angle is defined from the relation

sin?dy, = 1 - (m,,/m;)?
in which case a same radiative correction Ar enters the expressions of the W and Z masses :

my? = A/(1 - Ar) sin’d,,,
m,* = A%/(1 - Ar) sin?6cos?d,,,

where A = (va/,/2 GE) '3 = 37.2810 £ 0.0003 GeV. In the above formulation the » parameter,
defined as p = my,?/m,*cos?6,,, is taken to be unity. This minirmnal form of the Standard Model could
become imppmpnate if there existed Higgs multiplets with isospin larger than 1/2, in which case p
would deviate from 1. Final results from UAl and UA2 in the W - e and Z + ec channels are now
gvailable, in exccllent agreement with the Standard Model [40]. They are sumnmarized below :

UA2 UAl
m(W) 80.2 £ 0.6 + 1.4 GeV | 82.7 ¢ 1.0 ¢+ 2.7 GeV
n(2) 91.5 % 1.2+ 1.7 GeV [ 93.1 # 1.0 ¢ 3.1 GeV
r,(90% CL) < 5.6 Gev < 5.2 Gev
am (2-W) 11.3 £ 1.3 ¢ 0.9 GeV | 10.4 * 1.4 ¢ 0.8 GeV
r T, o.az:g:}z + 0.06 1.04 o 06
(902 CL) < 1.09 t 0.07 < 1.31 £ 0.07

I defer the analysis of these data in terms of Standard Model parameters to the end of the present
Section. Additional results from the UA1 Collaboration concemn g-¢ universality in Z decays, with a
measurement of T(Z — pu)/T(Z - ee) = 0.91 + 0.29 + 0.06, and a measurement of the weak angle
from the shape of the Z = ece angular distribution, sin?é,, = 0.18 ¢ 0.04.

In the above table the measurements associated with the W and Z widths, Iy, and T, deserve
some comments. The direct measurement of T, listed on the third line, is obtained by unfolding the
experimental resolution from the observed ¢* ¢~ mass distribution. This experimental resolution is not
only as large as the width to be measured but varies from event to cvent in a way which is difficult to
accurately monitor, thereby seriously limiting the accuracy attainable in the direct measurement of T,
The ratio T',/T, listed at the bottom of the table is obtained from a completely different method. It
uses the relation
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‘T, opp-W=o)+.) o I(Z ~ ee)

Ty o(pP = Z(~ ec) +..) ow
The first term on the rh.s. is measured with uncertainties related to differences between the W ~ e
and Z - ee values of the acceptance, efficiency and background contaminations. Tt is unaffected by
effects contributing equally to each of the two channels, such as an uncertainty on the measurement of
the integrated luminosity. The second term is calculated from perturbative QCD and takes values
between 0.285 and 0.32§ depending upon the exact ratio between the d and u valence distributions
(41). The third term is predicted by the Standard Mode! and depends on the number of lepton families
and on the value of the top mass which governs the rate of W - tb decays. The product of the second
and third terms is almost independent from sin®8y, : within the allowed range it does not vary by more
than a percent. The results [42] are summarized in Figure 3. They provide a stringent Limit, AN < 2.5
at 90% CL, on the number of additional lepton families having a charged member too massive to
contribute to W decays and a neutrino light enough to contribute to Z decays. For such measurements
to provide useful information on the value of the top mass, the uncertainty on I'/Ty, would need to
be much smaller than the predicted swing between extreme values of my, A(T,/Ty,) = 0.2. This being
unfortunately not the case, no refiable information on my can be deduced from these data [43).

The neutral electroweak current is also probed by several low energy expenments, the most
significant contributions being from neutrino reactions and from y-Z interference measurements.
Neutrino interactions were reviewed by H. Wachsmuth [44]). The CHARM 2 expedment on
neutrino-electron scattering is presently collecting data and is expected to reach an accuracy on sin®é,,
similar to that obtained from neutral current measurements on isoscalar targets. While the interaction
rate is much Jower, and background contamination consequently larger, no hadronic correction is
required in the analysis. Forward-backward charge asymmetries and cross-section ratios in ee - up
and ec -+ rr annihilation processes have been measured at PEP and PETRA below the Z pole. These
v-Z interference results are summarized in Figure 4 and were reviewed by T. Greenshaw [45).
Cross-section ratios do not significantly deviate from their QED values because sin’éy, is nearly 1/4,
the value for which no deviation should be observed. Forward-backward asymmetries are proportional
to s/(m,? sin’d,,) in the s << m,’ region probed by present experiments. A strong correlation results
between the measured values of m, and sin’@y,. There is no more indication for the slight
inconsistenicy between p and 7 data which was formerly reported.

A thorough analysis of all experiments contributing to the neutral current sector was recently
carried out by U. Amaldi and collaborators [46]. I borrow from their work the remaining of this
section. Measurements of the weak angle in the minimal model (p = 1) and with p free are
surnmarized in the table below.

I(W ~ &)

2 - 2
Reaction sin Ou(p 1) sin e' o

A -
A wA
vt VP
ve *ve

[ ]
w/2

Parity violatton
in atoms

Polarized e oo
deuterium

uC D.I.S.

0.23320.003:0.00%
0.21040.033

0.233£0.016:0.002
0.228:0l007!0.002

0.209+0.01820.014
0.221:0.01520.013

0.25:0.08

0.23220.01420.008
0.20520.041
0.221%0.02120.003

0.22820.00820.003

0.999:0.013:0.008
0.93+0.0620.05
0.976:0.056:0.002

1.015:0.02620.004

All

0.230+0.005

0.229:0.006

0.996:0.009
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The analysis assumes top and Higgs masses of 45 and 100 GeV respectively. The second error, when
shown, corresponds to the effect of increasing my to 100 GeV and mpy to 1000 GeV. An overall
excellent agreement with the minimal Standard Model is obtained, with the result
sin?8,, = 0.230 £ 0.005. Figure § illustrates the most salient features. The overall situation is
dominated by two sets of experimental results : the measurements of my, and m, by UA! and UA2
and of the neutral to charged current ratio in neutrino interactions on isoscalar targets [44). The
radiative corrections entering these two measurements are dominated by different contributions and
their difference, 0.112 £ 0.037, is measured with sufficient accuracy to place a significant limit on the
top mass, my < 180 GeV at 90% CL. The sensitivity to the Higgs mass (Figure 6) is however too
small to allow for any significant limit to be obtained.

5. TWO MISSING LINKS : THE TOP QUARK AND THE HIGGS BOSON.

A most important event was the recent withdrawal by UA1 of their earlier indication for a top
quark with a mass between 30 and 50 GeV [47]. The data, based on a total integrated luminosity of
110 nb~!, were from a search for W ~ tb decays in Pp collisions, the top quark subsequently decaying
into bev. The background and the claimed signal were unfortunately similar in shape (Figure 7a) and it
is now proven that the background was simply underestimated. The new UAl data are for an
integrated luminosity of 700 nb~! and include events having a muon in the final state as well as events
with an electron. Both the W - tb and the QCD ti productions are taken into account, The data are
accounted for by various backgrounds (mostly bbg and ccg) and are used by UAI to place a limit on
the top production cross-section. Two essential ingredients of their analysis are the availability of a
reliable calculation of the top production cross-section for a given value of m; and a good
understanding of the detection efficiency of low transverse momentum leptons. The former (Figure 7b)
is addressed by UA] with much care and, under rather pessimistic hypotheses, they infer an upper
fimit my > 44 GeV to 95% CL. New experiments using ACOL and TEV1 will provide firmer ground
to the UAI conclusion and hopefully find evidence for a top signal (which is expected to be within
ACOL reach if my < my, , and within TEV! reach if my < 120 GeV, with t + Wb giving a beautiful
signature). The UAI limit supmcdes not only the PETRA limit (which is, however, more foolproof)
but also limits expected from e*e~ machines in the near future (TRISTAN, SLC, LEP1). Within the
framework of the Standard Model with three families we mentioned earlier a = 50 GeV lower limit
from the quark mixing matrix and a =« 180 GeV upper limit from electroweak radiative corrections.
Even if a fourth family is not excluded neither by the UA measurement of I',/Ty, nor by the Petra
scarch for ee = yv¥ events (N, < 4.9 to 90% CL), there are now strong indications that the top mass
is large, typically between 50 and 200 GeV. We should stop using the traditional default value
my = 40 GeV in our calculations and rather assume my > 100 GeV. In this context one may note that
if the scaling law {48] m/m; + mp/mg + m.,/m implies my ~ 30 GeV another scaling law,
my/m + mg/m, and my/my + mg/my would unply m, > 150 GeV.

There arc unfortunately much less handles to grab information on the Higgs mass than there are
for the top mass. The subject was discussed by Maiani at the Bari Conference two years ago [49] and
our understanding has not made spectacular progress since then, There had been some hope to place a
significant limit on mp from the measurement by the CUSB-II Collaboration of the ratio
T(T - yH)/T(T = pp). However, once QCD corrections are correctly taken into account, this turns
out to have insufficient sensitivity. A new lower limit was presented by the CLEO Collaboration {50]
in a search for B® = H® K +... decays from which they infer myg > 3.6 GeV if my exceeds 43 GeV,
by now a reasonable assumption. The argument is similar to that previously used in K* - »* + H
decays to place a 325 MeV lower limit on myy [49]. It implies however good confidence on the
calculation of the ratio I'(B = HK +..)T(B = H+..\) which is presently lacking. A mean to check
on this point would be to measure ratios such as I'(B - ¢yK)/T(B = y¢x) or I'(B - DK)T(B - Dx)
which should provide reliable tests of the validity of the model [51].
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6. CONCLUSIONS

The Standard Model is healthier than it ever was, we were unable to name a single observation
which could seriously endanger its validity. Our knowledge of its parameters has significantly
progressed, in particular in the sectors of quark mixing and electroweak neutral currents.

We haven’t yet seen any sign of the top quark and there are by now serious indications that its
mass is likely to be significantly larger than formerly anticipated, somewhere between 50 and 200 GeV.
Collider experiments at CERN and Fermilab have good chances to find it in the coming two years.

New tools are becoming available which will enable us to continue testing the Standard Model
more thoroughly than in the past. Tristan and TEVI have already started operation, SLC is being
commissioned, they will soon be followed by LEP and HERA : we shall be well equipped in the years
to come for new unexpected discoveries or at least for higher precision measurements which could
reveal deviations from the Standard Model predictions and thereby provide clues towards a better
understanding of the many questions which the Standard Model leaves unanswered. In particular the
Higgs territory remains virgin and it may well be that its exploration will require the availability of still
higher energy accelerators, such as LHC and SSC, to the construction of which we must devote our
efforts.
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Table 1

Mass relations for the JP=1/2+, 3/2+ baryons and JP=0-, 1- mesons in the non-relativistic quark
model. Masses are given in MeV. Note the failure of the last two relations, which can be

understood in terms of the U(1) anomaly and n-n' mixing.

Relations 1.h.s. r.h.s. Observations
TEHA)=H(E+P) 1134 1126 | SU(@)- relation
Y*-A==*.Y* 152 150 (Okubo-Gell Mann)
Y*.A=0 -=* 152 140
=-¥=2*-Y* 123 150 universality of mg-my

3 s 1
A-P= 7 K -p)+ 7 (K-r) 178 178

2(A-Py+3(A-3) K"K

0.62 0.63 hyperfine interaction
2(A-P) p-m

o (mi-mj)‘l
p=w 773 783 ¢ is pure ss state
K*= 5 (p+@) 892 896
"= 140 549 broken by U(1)

anomaly and n-1y’
3 _k 447 495 | mixing
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WHY BE EVEN-HANDED?






Today, November 29, 1985, is my sixtieth birthday. On this
occasion, on the one hand, I feel old enough, and perhaps wise enough,
to reflect on the important and revolutionary steps taken in particle
physics during my scientific lifetime. On the other hand, I feel young
enough to still by thrilled and excited to have been a part of this
fascinating era. Perhaps in the above statement, one should read
"mature” for "old" and "open minded" for "young". I will talk today on
the guiding principle that the concept of symmetry has been to physics,
and in particular, how we have to examine critically our hypotheses
about how nature evolves.

It has long been a tenet of physics that the world is simple, and is
indeed elegant in its simplicity. Classical physics was long guided by
symmetry principles. In my opinion, the most beautiful exploration
classically for the conservation of linear momentum in isolated systems
is the invariance of the Hamiltonian under a translation of coordinates,
while the conservation of angular momentum, correspondingly, is due
to the invariance of the Hamiltonian to a rotation of the coordinate
system in which the observer makes his measurements. That the world
(nature) should be independent of the rotations and translations that we
make seems almost self-evident. However, we should not forget that
the experimental verification for these conservation laws was found long
before we found their interpretation through spatial symmetries. In spite
of the fact that they make a beautiful and self-contained picture, they
required experimental confirmation.
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When quantum mechanics was developed, the theory of unitary
transformations immediately told usthat quantum-mechanical momenta
and angular momenta were similarly conserved, if the quantum
mechanical Hamiltonian was invariant under translations and rotations,
just as in the classical case, and just as we expected from the
correspondence principle. We really did no experiments to test these
ideas they were taken for granted, or were regarded as self-evident (and
correctly so). Pauli even invoked these idea -early on to make the then
radical postulate of the existence of a neutrino (that you couldn't feel,
weigh or see) to explain the missing momentum and energy in B-decay.

The one additional symmetry of space, the invariance of the
Hamiltonian under inversion of coordinates, i.e., the invariance of the
Hamiltonian under the transformation r — - r (where r is the position
vector), has an important quantum-mechanical consequence, the
conservation of the quantum number called parity. Another way of
stating this symmetry is to say that the Hamiltonian is invariant under a
reflection in a mirror. Unlike the cases of conservation of linear and
angular momentum, this quantum number has ng classical analogue,
since the concept of parity includes intrinsic parity, the behavior of the
particle's intrinsic wave function under coordinate inversion.

Thus, in 1956, when particle physicists were trying to understand
the so-called t—6 puzzle, it was clearly assumed by physicists that all
interactions of elementary particles satisfied the three symmetry
properties of invariance under rotations, translations, and inversions of
coordinates. In simple language, space was isotropic, with no preferred
points, directions or handedness. You could not distinguish one point
on a straight line from another, you could not distinguish one point on a
circle from another, and you could not distinguish a right-handed screw
from a left-handed one.

What was there that caused us therefore to challenge the world that
we had been so confortable with all of those years? After all, Maxwell's
equations were patently invariant under inversions, so electromagnetism
was clearly parity conserving. Perhaps by critically examining these
events again, we can learn how physics advances. At the very least, we
can try to recapture some of the excitement that goes with the human
spirit when great discoveries and intellectual revolutions are formenting.

So I turn to the time of the Rochester meeting of the Spring of
1956, in April. Particle physics for the past few years had been excited
about the concept of associated production of V-particles, which later
became explained by Gell-Mann and Nishijima as the conservation of
the then new quantum number, strangeness. The scheme was simple
and elegant and suddenly explained a vast wealth of experimental data.
In that era, it was popular to name the particles after their decay modes.
In particular, the "particles”

Tt nt+ tt + T
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and
T + x +

and the "particles”

Ot—> =t + n°
and

> 1T + n°,
as well as

00— 1%+ n° ,

had been discovered and studied extensively.

The experimental situation was as follows:

1) Both the t and the 8 masses, within rather small errors, were
equal.
2) At all production angles or momenta, in any production
reaction, the ratio of T to 6 was the same constant value. In other words,
no matter where you looked, the ratio of 1 to 6 was the same.

3) The lifetime of both the T and the 6 were the same, within
experimental errors.

4) Conservation of angular momentum required the 09, since it
decayed into two identical pions, to have angular momentum J=0, 2, 4
etc., since the wave function for two identical bosons must be
summetric under particle exchange, and pions have spin zero.

5) Examination of the Dalitz-Fabri plot for the decay of the 3-body
1 yielded a distribution compatible with phase space, indicating that the
matrix element corresponded to 1=0 and L=0, where 1 is the relative
angular momentum between the like-charged pions and L is the angular
momentum between the center-of-mass of this pair with the
unlike-charged pion. Since pions have spin zero, this immediately tells
us that the T and the 6 can have the same spin, J=0, since the T spin is
given by J=L+ 1. Thus, the simplest possibility of nature, that they both
have spin zero, is realized.

From reasons (1) to (5) above, if this were all that we knew, we
would immediately conclude that the t and the 6 were one and the same
particle, and that would be the end of the story. However, we have not
yet discussed the intrinsic parity of the T and the 8, which must also be
the same if they are to be the same particle. Thus, we now examine
point (6).

6) Since the 8 decays into two identical pseudoscalar pions [the
parity of the pion having been found by studying the absorption of slow
negative pions in the reaction n~ + d — n + n), the intrinsic parity of the
q meson will be

Pg=(-Dix [(-1)x (-1)]=(D],
where 1 (=]) is 0,2,4, etc. Thus, the parity of the 8 meson is +1, and it is
compatible with the JP (spin-parity) assignment 0. On the other hand,
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the parity of the 1, a 3-body decay, is given by
Pr=(DIx (DEx[Dx 1) x(-1)]=- (-HHL,

For 1 and L both equal to zero, we find P, = -1, and T has the
ass1gnmcnt 0-. Thus, the intrinsic parities of T and 0 are different, and
they can't be the same particle, since they have different quantum
numbers.

This, in brief, is the famous t-6 puzzle. Why are there such
similarities between the T and the 0 particles, such as points (1)-(5), yet
nature eventually contrives (point 6) to make them different?

During 1955 and 1956, Lee and Yang, along with Gell-Mann, had
tn'cd to reconcile the above facts by the introduction of what were called

"parity doublets”. In essence, they suggested that the puzzle be solved
by the introduction of a new strong interaction symmetry, used only for
strange particles, in which each strange particle had its own doublet
particle, identical in all respects except that its parity was opposite to its
partner's parity, i.e., there existed A,A" XX KK', etc. However, for
this argument to be viable, in addition to a new strong interaction
symmetry that acted only for strange particles (and there wasn't a shred
of evidence for the doubling of the hyperons), a second "miracle" had to
take place they had to have the same lifetimes. Other suggestions which
had been made, of a less radical nature, were being ruled out by more
and more accurate experimental data that were rapidly being collected
from all over the world. Thus, points (1)-(6) above summarized the
experimental situation as of the Spring of 1956. The t—0 puzzle was
indeed to be heartily debated and discussed at the 1956 Rochester
Conference.

I now depart from the impersonal to give a very personal account
of that meeting, which has indeed made a major impact on my way of
looking at physics, as well as on my life in general. I was a young
experimentalist, at Duke University, during this era. This was the first
major international meeting that I was to attend, and I was very excited.
By pure chance (and to this day I reflect how lucky I was), I was
assigned to room with Richard Feynman, whom I had not personally
met before. The first evening that I met him, just before we were ready
to go to bed, I suggested to Feynman that the t and the 6 are really the
same particle, and that parity was not conserved in the weak
interactions. Feynman was ready to tell me how dumb I was and go to
bed, when he thought for a moment. It turned out that we discussed the
subject until the small hours of the moming, in a most exciting and
stimulating way, as only Feynman can provide.

I take the liberty now of directly quoting Feynman from his recent
book, “Surely You're Joking, Mr. Feynman”: I was sharing a room
with a guy named Martin Block, an experimenter. And one evening he
said to me, "Why are you guys so insistent on this parity rule? Maybe



the T and 6 are the same particle. What would be the consequences if the
parity rule were wrong?"”

I thought a minute and said, "It would mean that nature’s laws are
different for the right hand and the left hand, that there’s a way to define
the right hand by physical phenomena. I don't know that that's so
terrible, though there must be some bad consequences of that, but |
don’t know. Why don’t you ask the experts?”

He said, "No, they won't listen to me. You ask.”

So, at the meeting, when we were discussing the T—6 puzzle,
Oppenheimer said, "We need to hear some new, wilder ideas about this
problem.”

So I got up and said, "I'm asking this question for Martin Block:
What would be the consequences if the parity rule was wrong?"

Murray Gell-Mann often teased me about this, saying that I didn't
have the nerve to ask the question for myself. But that's not the reason.
I thought that it might very well be an important idea.

Lee, of Lee and Yang, answered something complicated, and, as
usual I didn’t understand very well. At the end of the meeting, Block
asked me what he said, and I said that I didn't know, but as far as 1
could tell, it was still open-there was a possibility. I didn't think it was
likely, but I thought it was possible.

Murray told me later, when he gave some talks in Russia, that he
used the idea of parity law violation as an example of what ridiculous
and crazy ideas people were considering, in order to straighten out the
7-0 puzzle.

Feynman's recollections above are only slightly flawed in that it
was C.N. Yang who gave the response to my question, and not T.D.
Lee. It was on Saturday moming, on the last day of the Conference,
while the ideas then current (parity doublets, etc.), were being discussed
when Feynman asked his question "for the experts”. I now quote
directly from the Proceeding of the 1956 Rochester Conference:
Pursuing the open mind approach, Feynman broght up a question of
Block’s: Could it be that the 6 and 7 are different parity states of the
same particle which has no definite parity, j.e,, that parity is not
conserved. That is, does nature have a way of defining right of (sic)
left-handedness uniquely? Ygng stated that he and Lee looked into this
matter without arriving at any definite conclusions.

In reality, Yang's response was much more complicated and
negative at that ime. The Proceedings came out after their famous paper
on parity non-conservation in the weak interactions, and had been
thoroughly edited.

At the end of this Saturday morming session, which closed the
meeting, | went out to the airport to take a plane for Newark, New
Jersey, in order to visit my mother over the weekend, before returning
to Durham, North Carolina. It was snowing heavily in Rochester, N.Y.
that day-a wild spring storm. All planes were delayed for many hours. I
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had lunch with T.D. Lee and Sir Rudolph Peierls, who were fellow
passengers headed for Newark on my flight. T.D. proceeded to tell me
how silly was my idea about parity non-conservation in the weak
interactions. He asserted that he and Yang had shown that parity
certainly was conserved, and that I just didn't understand any quantum
mechanics (the latter was unfortunately probably a correct statement).
He proceeded to give me elegant lectures in quantum mechanics, as seen
by Professor Lee. After many hours of waiting (and accompanying
lectures), the snow was sufficently cleared from the runway for our
departure. T.D. sat next to me on the airplane, continuing the discourse.
The ride was really a very bumpy one, and the plane was tossing badly.
While lecturing me on parity conservation, Lee, a very poor air traveler,
got very ill all over my only clean shirt. It is an experience indelibly
impressed upon me mind I wound up visiting my mother somewhat
disheveled. Lee doesn't recall the incident and/or discussions at all.

Of course, shortly after this episode, particle physics (indeed, all
physics), suffered rapid and permanent major changes. The beautiful
paper of Lee and Yang on parity npon-conservation came out that fall,
followed shortly thereafter by the work of Madame Wu and Ambler ¢t
al. of the National Bureau of Standards, which showed conclusively,
from polarized Co%0 B-decay, that parity was not conserved in B-decay,
as well as in kaon decay (the T-0 dichotomy). Shortly thereafter, the
experiments of Lederman and Garwin, as well as that of Telegdi,
illustrated that the ®—p system also has parity violation, and,
Gell-Mann's beautiful paper on the V-A interaction and conserved vector
currents. Thus, in one brief period of about 1172 years, particle physics,
in terms of weak interactions, was rewritten and understood from new
perspectives in a radically different way. Indeed, the lesson of the
necessity for experimental verification of symmetry principles was not
lost on the community, culminating in the early 1960's in the work of
Fitch and Cronin on the discovery of the violation of charge conjugation
and time reversal invariance.

I return here to summarize the brilliant contribution o science made
by Lee and Yang. It was been remarked by many that science is not the
making of a sage observation (which may or may not be true-indeed, it
is irrelevant) to explain ad hoc a phenomenon-rather, real science is the
art of making predictions about as yet unobserved phenomena. My
observation about the T—0 problem perhaps was seminal. But the
suggestion of Lee and Yang to look for the experimentally observable
quantity,

OA'Pr X PAs
for the reaction

T~ +p— A%+ KO,
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1s parity conserving and furni;hes us with a A polarization axis, normal
to the production plane, for subsequent analysis of the parity non-
conserving term

OAPr

where, in the above parity violating term, the momentum p,, is the
momentum of the decay pion from A — n~+ p. Indeed, the ana’Irysis of
this experiment was carried out in Italy by Professor Steinberger, in
collaboration with the University of Bologna in 1957, using a bubble
chamber.

In conclusion, what we learn from my rambling tale is that you
should not trust any theory or idea that hasn't been experimentally
tested. You can not in physics ever use the excuse, /t's the only wheel in
town, the gamble on a crooked roulette wheel! The parity revolution of
particle physics indeed marked a turning point in our intellectual
approach, leaving its mark on all of physics. Physicists became more
critical, and in the process, we became aware that nature is richer than
our expectations.
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