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INTRODUCTION

Neutrino physics and weak interactions, (e*e™) phenomena, deep inelastic processes,
hadron spectroscopy, quark theories and quark confinement: all these are hot topics in the

field of subnuclear physics.

It is time to revive a long-discontinued practice; namely, the introductory lecture,
which is intended to present a general review of the main themes and to correlate them in a

unique picture. Let me try to do this.

THE DESERT AND THE PROTON DECAY

The main result to date in subnuclear physics is the existence of the three gauge sym-
metry groups: SU(3)colours SU(2)1, and U(1)y, p, which are believed to be at the origin of
the superstrong and of the electroweak forces.

However, the main outcome of this great
theoretical goal is the danger of a DESERT.
We all expect the electroweak unification,
SU(2)1, x U(1)L,R, to be at n 10* GeV. Accord-
ing to some theoretical speculations, the
next unification -- between superstrong and
electroweak forces -- should be not very far
from the Planck mass (see Fig. 1), i.e. at
n 10%° GeV, the energy level appropriate to
the celebrated SU(5) grand unification group;
with nothing between 10% GeV and 105 GeV
(see Fig. 1).

(EW) Unification
{SEW) Unification
(GSEW) Unification
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Everybody agrees that there must exist
a grand unifying gauge group "G", which con- 1
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The great problem is to find how nature goes
from the group "G" down to SU(3). x SU(2)y, x
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x U(1),g- If the descent is 'direct, the Fig. 1
desert 1s catastrophic: from 10'° GeV down
to 10% GeV.

This theoretical energy range for the Desert should be compared with 10% GeV, the maxi-
mum energy we can hope to reach in the next two decades via a proton-antiproton collider or
proton-proton intersecting storage rings {(ISR): 5 TeV + 5 TeV.

If we believe in the theoretical desert, the only experiment left would be the study of
proton decay. It is in fact a general feature of the grand unification, to predict that the
"brick of the Universe' has to lose its stability. The reason is simple. Grand unified
theories must put leptons and quarks in the same multiplet of the unifying group "G'". The
gauging of this group produces quark-lepton transformation: i.e. proton decay. The proton
instability follows from the concept of grand unification. It is not the result peculiar to
a particular grand unifying group chosen. The particular choice can produce different life-
times. For example, if the grand unifying group is SU(5), tp is ~ 103! years. However, the
various models investigated so far, produce lifetimes in the range 1028-10%* years.

And now a few words about the decay chamnels. If quarks and leptons are put in the
same multiplet (q,2) (fermion number conserved), the predicted decays would be, with three

leptons in the final state:

v o+ ot (v 80%)
v [
3v + Tt (v 89)

If fermions and antifermions are put in the same multiplet (q,%,q,%), the decay modes would
be, with only one lepton:
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e*r?,u®,0%,n° (v 759)
P~ +1,0 Q
wK (v 109%)

The present best limit on the proton lifetime is tp 2 10°° years. The new experimental
jump should be about 3 orders of magnitude: p 2 > 10°% years. This implies the study of the
stablllty of 10"* tons of matter, with an expected counting rate of 5 events/year (for tp =

10%% years). The experiment should be planned with a minimum energy bias, in order to
av01d the limitations of previous results, where the proton decay was 1nvest1gated, assuming

that its disappearance had to produce a large energy release.

THE LESSON FROM PAST DESERTS

As you know, Europe is planning to build a new machine, the greatest ever built. This
is why it is important to recall our previous experience with predicted theoretical deserts
and experimental findings.

e Let us start with the 30 _GeV proton synchrotrons of CERN and BNL. The original theo-
retical motivations were: mp and pp scattering and phase-shift analyses, as well as tests of
isospin and T invariances. What did we get with these machines?

- New particle states, which produced the celebrated SU(3) symmetry of Gell-Mann [not to be
confused with SU(3)o10url-

- The first measurement of the (w - ¢) mixing angle resolved the puzzle of the vector meson
masses and provided the proof of the existence of such a symmetry.

- The measurement of e*e~ and u*u~ production in hadronic interactions, started in 1964 at
CERN, resulted in the discovery of the J particle at BNL in 1974.

- The first proof of the electromagnetic structure of the proton in the time-like region.

- The discoveries of: the existence of antinuclei (d); two kinds of neutrinos (ve FV ),
the fact that vy is not equal to Gu; CP and T violation; neutral currents.

All these findings had nothing to do with the original motivations.

e Some more examples: SLAC. The original physics aims were the study of the electro-
magnetic form factors of the nucleon, the electromagnetic transition form factors (N-N*),
and QED checks. Found: the very important phenomenon called deep inelastic effect, i.e.
the proof that point-like structures exist inside the proton.

e Let us look at ADONE, the Italian 1-3 GeV ete™ machine; what were the motivations
there? The list was extensive: QED and radiative correction checks; upe electromagnetic
equivalence; electromagnetic form factors of pions, kaons, and protons; the study of the
tails of vector mesons. It is probably interesting to recall that these vector mesons (p,

w, ¢) were theoretically needed to understand the conserved hadronic currents associated

with isospin, hypercharge, and baryon number. Notwithstanding all these motivations, a par-
ticularly relevant and totally unexpected fact was discovered: the ratio of hadronic to
muonic cross-sections was shown to be much higher than the theoretically predicted value,
based on the tails of the three known vector mesons. Finally there was the search for heavy
leptons via the analysis of the ue final states but this search had no theoretical motivation.

e Now let us look at SPEAR and DORIS. SPEAR started with great enthusiasm because of
ADONE's discovery of the high cross-section ratio mentioned above. However, they found
three great new things: the J/y spectroscopy; the open charm states; and last but not
least, the heavy lepton from the pe final-state analysis -~ just what the Frascati people
were looking for, but were prevented from finding because of insufficient energy.

e The ISR is a special case. It is a machine where the physics results could have been
tremendous. Unfortunately, the general trend was to study small angle and small pr physics.
Then large py phenomena came. The observations of the J and, recently, of the T at the ISR
show that the physics was there.

. Finally, the 400 GeV machines at Fermilab and CERN. These are too new to be of use
in our historical survey. However, not very many people would have bet on the existence of
the 9.5 GeV object discovered by Lederman at Fermilab.

What lessons can we learn from this experience?
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Firstly, There should be no energy gap. The maximum energy of ADONE was 3 GeV. SPEAR star-
ted at 3 GeV but then jumped to higher energies and was for some time bound to miss the J/y.
SPEAR's maximum lay at 8.5-9 GeV, whereas PETRA started above 10 GeV. Lederman's T was
found at 9.5 GeV. Secondly, compared with the actual discoveries. the anticipated flndlngs
have -the appearance of a desert of imagination. The conclusion we should draw from this is
that however great and 51gn1flcant the physics motivations for the new (e¥e™) machine appear
to us now -- the Z°, W*; new hadronic thresholds and, hence, flavours; new heavy leptons;
free quark states, 1epton1c or hadronic; QED checks -- the actual discoveries should make
these motivations look as fruits of a desert of imagination.

QCD AND COLOUR EFFECTS

The world in which we live has no deserts. The extreme left-hand corner of the desert
in Fig. 1 1is very rich, as the following review will show.

When we started, the six fundamental interactions were as shown in Fig. 2: the strong
interactions, namely the SU(3) invariant and the semistrong SU(3) breaking ones; the elec-
tromagnetic, weak, superweak and gravitational interactions. How they appear to us now is
shown in Fig. 3. It is evident that we were on the wrong track, with regard to the cele-
brated SU(3) of Gell-Mann. Now we see that the superstrong coloured forces represent the
basic fundamental interactions. The strong and the semistrong are a byproduct of the super-
strong ones, these being originated by gauging SU(3)colour. We were also wrong .in thinking
that electromagnetlc weak, and superweak interactions were just unrelated. At present it
seems that, with six quarks and six leptons, the electroweak and the superweak interactions
can all be merged together.

THE INTERACTIONS NOW
I. The Superstrong (coloured) Strong
SU(3)C Semistrong
WHAT WE STARTED WITH ... II. The Electroweak Electromagnetic
(6 quarks and 6 leptons) Weak
1) Strong : SU(3)¢ invariant SU(2 ) % U(]) Superweak
2) Semistrong: SU(3)¢ breaking
3) Electromagnetic III. The Gravitational
4) Weak .
5) Superweak Unification of I and II with III
6) Gravitational needs Supersymmetry: (bosons I fermions)
Fig. 2 Fig. 3

Back to SU(3)colour+ What evidence is there for the existence of colour? The diagrams
of Fig. 4 111u5trate three types of measurement of colour effects. Firstly, if it were not
for colour the n° lifetime should be nine times less (Fig. 4a). No new data on this tOplC
are belng presented at this Conference. Seeondly, the ratio R = o(e*e~ -+ hadrons/c(ete” +
+ p*tu”) should be three times larger than in the no-colour case (Fig. 4b). The third check
for colour is provided by the so-called Drell-Yan mechanism (Fig. 4c), where an ocean (or
valence) quark is annihilated with an ocean antiquark to produce a lepton pair. Here the
probability for a quark to annihilate with an antiquark of the correct colour is %5 compared
to the case of no colour. The existence of colour implies a factor of 27 when we go from
n% decay to Drell-Yan pairs. At this Conference there will be new results from PETRA on R
and from CERN on the Drell-Yan process.

Let us now see where we stand with QCD. This is shown in Fig. 5. At the very bottom,
for t = », ag = zero, there is asymptotic freedom, with quarks and coloured gluons obeying
QCD. The first step, where quarks and glucns interact without becoming real particles, is
relatively easy; this jump will be discussed in the theoretical sessions devoted to QCD.
However the most difficult Jump is the second one, where quarks and gluons should produce
the well-known particles ana their associated phenomena, such as ‘quark jets” and ‘‘gluon
jets". For t = (1 fermi)™!, i.e. for real hadrons, nobody knows what ag becomes, and nobody
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has so far been able to prove confinement. If confinement were an exact result of a theory,
there would be no point in looking for quarks. Sorry: it would be more exciting. But the
present theoretical status on confinement is as follows: QCD at small distances produces
asymptotic freedom, unlike QED; but QCD at large distances, like QED, does not produce
confinement. Both results are perturbative, but they are the only ones available.

PRE-CHARM Table 1

Now let us consider the status of pre-- Baryons in SU(6) multiplets
charm physics. The baryons in the SU(6)

multiplets given in Table 1 appear to be or- p .Stand q £

ganized in such a way as to confirm our be- [suce), LPTIsu@)g| J t?rl na$ei °

lief in the existence of (56, 0%). There is particle states

also overwhelming evidence for the existence 8 |1/2¢| N, A, 3, =

of (70, 17). Only a few states are missing. (56, 0%) AR

The question is whether the (70, 0*) is real- 10 [3/2%) N, =7, 8, @

ly absent. The expected states are shown in

Fig. 6, but only one candidate exists for 1 {1/27| Repeat singlet

this multiplet. Moreover, there is no evi- -

dence of the 20-plet for any LP value. The 8§ |I/Z7| Repeat octet

absence of these states is a basic problem 16 |1/27| Repeat decuplet

for the baryon multiplets. And it is related - , .

to the question of whether the baryon struc- _ 1 |3/27) Repeat singlet

ture is of the ''quark-diquark" type. All (70, 17) 8 |3/27} Repeat octet

this will be discussed at the hadron sessions -

of the Conference. 10 |3/27| Repeat decuplet

1/27| Repeat octet

The pre-Conference status of the mesonic -

multiplets is shown in Table 2. There are 8 |3/27] Repeat octet

some problems with the (L = 1) multiplet of 8 |5/27! Repeat octet

[Repeat means that the gquantum numbers (isospin and strange

108 states. These will be discussed in the

thad . i : . Repeat wmeans that the quantum berz {iscspin 2
hadron sessions, where new states with higher L " "1 states are identical to the “octet” and "deci-
L-value will also be presented. plet" already known for the S6-case.]



Opening Session 7

Table 2
SU(6) mesonic multiplets
BARYON SUPERMULTIPLET
PC Particle No. of
J  Su(3) SU(6) SUB)g | J states states
V3 1 [B5el)®1]; |8@1 {0°F|m, K, n, n’ 26
Y 8 (70, 0" =20 8@l |17 |p, K', w, ¢
only one state -
Y, 10 seems to be there 8ol 1++ B, Q"z;“?
’, . [B5e1) ®3]; |8@1 o++ S, x, 8%, ¢ 108
L=1 8@1 |1™ A, Q,2, D, E
Fig. 6 8@l |27 A, K, £, £

At previous Conferences a lot of attention has been devoted to new multiquark hadronic
states, baryonium and mesonium, made up of “peculiar' combinations of quarks and antiquarks.
Earlier results supporting the existence of these types of quark-antiquark combinations will
be confronted with new data -- some of which do not confirm these findings.

So much for pre-charm physics. Tnﬁ
Ge

POST-CHARM
— 1.0+

In post-charm physics the impressive 710,379 - 10.381
fact 1s that so many states have been oot b

. N . K tti

discovered in such a short period. 10.0- et fgmi??'“"’
Figure 7 shows the pre-Conference status 19,46
of the "charmonium'' and 'bottomium' fami-
lies.  The %(2830) and x(3455) states 90+

will be questioned by new results, but +
everything else will remain as it is. A
detailed analysis of the T decay from 80+
DORIS will be presented in the (e*e™)
Session. These results deal with the
problem of the T decay into three gluons. 720+

If we now go into the '"open-charm" ]
states, Fig. 8 shows the status of the 60+
SU(4) flavour multiplet for the pseudo- T
scalar mesons. The same SU(4) multiplet 1

holds for the vector mesons; they have 50-]-
the same quark-antiquark content, the 1 wleats)
only difference being the spin state Qz;ag—‘
which here is a triplet. These two SU(4) 404 P charmonium
multiplets are well established. T wlaal family
p ¢ T :fé?‘_‘gg‘_):_;: . \PL’!GBS; —&_&_ 1(3510)

. 1 T /v (3100) x(3415)
The status of open-charm baryons is 304 (2830 Llulsred

quite different. Figure 9 shows the old

baryon octet in the ¢ = 0 plane, plus the 267

new open-charm states. There are very ) 1 0,1,2 SPIN
many new states still to be discovered in

the ¢ = 1 and ¢ = 2 planes. The only case , Fig. 7

reported so far is the AY, and many new

results will be presented at this Conference. In Fig. 10, the old, well-established baryonic
decuplet in the ¢ = 0 plane is reported with the new open-charm baryonic states, with ¢ = +1,
c =+2, ¢ = +3, all to be discovered. An interesting result to be presented in the ''charm"
sessions is the measurement of the lifetime for open-charm states.

All the states mentioned so far can be obtained from five quarks, the sixth, the ''top"
quark, being predicted on the basis of the lepton-quark family structure (e, ve; u, d),
(u, vy; ¢, s), (1, vg; t, b). Unfortunately up to the highest PETRA energies, there is no

sign of t.

The status of the six quarks is shown in Table 3.
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Table 3
Six quarks
Quark | u C t| d s b
Mass 0.3911.5517]0.3910.5114.75
Q +2/3 ~1/3
m =m, = 1 (p) mass; m_ = 1 (¢) mass;
u d 2 s 2 ?
m, = % (J/¥) mass; m, = % (T) mass.
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THE ELECTROWEAK FORCES

Now we go to the celebrated electroweak interaction. Let me show you the basic ingre-
dients of it. The reason why I do this, is because there is overwhelming evidence that
Glashow, Salam and Weinberg (GSW) are indeed going to be right.

The basic coupling constant in SU(2)y, x U(1)p+r is not "e', and the basic Lagrangian is
made of two pieces, one which depends on %he electroweak isospin T operator and the other
which depends on the electroweak hypercharge Y:

. > .
_ i1 i} - Y
% yeakrem = gT[Z VL2 "’L] W gY[Z_ Ys Y“’i} v (1a)
i i
where W', W™, and W® are the intermediate vector Bose fields -- quanta of the electroweak
isospin group SU(2) -- coupled to the electroweak isospin T; and WY is the field coupled to

the electroweak hypercharge Y and is a quantum of the electroweak group U(1). The complete
symmetry is SU(2)1 x U{1)1+r. The index i runs over all leptons and quarks listed in
Table 4.

The basic coupling constant is "g'. The way in which this "electroweak'' charge g is
projected into the two electroweak axes T and Y is shown in Fig. 11. The thick lines indi-
cate the observable coupling constants. Thus

= g cos 6
SO . } B~ tan o ,
gy = g sin 8 Bt
where 6 is the famous electroweak angle of the GSW theory. Notice the following equalities:

+ Z
g =& > & =8,

i.e. the "weak charged coupling" gi coincides with the ''electroweak’ isospin projection of g.
Moreover, the "weak neutral coupling" g coincides with the original electroweak charge g.
This is why

gt/gl = cos 6 .

Table 4 Y(L+R)

The electroweak quantum numbers of the. Iy
point-like particles

v v v s 1l-1] 0 ..
(e H T 7 \

e— L u" L T-. L - —]5 “11 -1 \/ | \
1Dr WIr (g

No neutrinos (R) because
m, = all zero \ °

LEPTONS
T
1
1
1
1
1
i
1
1
i
i
I
1
1
1
i
i
i
1
i
i
i
!

o
1
i

b

N
I
1

o

g
i
1

/
f
i
]
|
|
i
i
|
|
|
\
\

é u c (?'} + % 4a% +-% \ - -
'

S dCL SCL bCL ‘%‘“*%"%— _'/—>
Tl T et L TS BENEES SRR 9 | T,
x a b 0 21 1 . L
g (dodg  (scly  (bolg 3173 y

: 4 2
Sl @ | 0] -2 :

=

em= 3 I e e |
LS D

C = stands for
Cabibbo mixec

ﬁu
w




10 Opening Session

As we will see later, if the simplest Higgs mechanism is at work, the damping factor between
the "charged" and '"meutral" intermediate boson masses is: mwi/mzo = cos 6. This exactly
compensates the above ratio of coupling constants, the key reason for the important result

p = 1 (see page 18). Another interesting remark: the electric charge ''e'" is the result of
the original "electroweak' charge g projected twice:

g+ cos 6+ sin 6
It follows that e e
€ "sine* & T CosH

]
[¢]

The way in which the ori- VT Y* Y
ginal field Wy splits into the

two axes, t and Y, is shown in
Fig. 12a. Notice that in the
T projections there are three
- fields: Wi, Wi, Wi. These
fields are coupled to left-
handed currents only, while
WY is coupled to both left
and right currents. The pro-
jections of W} and WY to make
up the electromagnetic field
A, are shown in Fig. 12b, Fi-
nally, the projections making
up the 'neutral weak field"

Zu are shown in Fig. 1l2c.

The SU(2)y, x U +R [or
equivalently SU(Z)ew_isospin X
x U(1) ey hypercharge] Symmetric
Lagrangian’ (la) reproduces all
results of the “charged" cur-
rents and electromagnetism. Ob-
viously, the great new point
of it is in the domain of the
"neutral’ currents; these cur-
rents should, more correctly,
be called "electric charge not
changing' currents. For brev-
ity we will go on calling them
'meutral currents' (NC). As we
have seen above, there are two
neutral intermediate vector
bosonic fields, W? and WY, and
two neutral currents, Jj and
JY+ . So far, there are no %
masses in the theory. The phy-
sical particles corresponding d)
tg these are mixtures of W® and
WY. This mixing has its origin Fig. 12
(in the GSW theory) in sponta-
neous symmetry breaking, as a consequence of which W® and WY combine in such a way as to
produce the other two neutral fields: one, A;, associated with massless quanta, the photon;
the other, Zﬁ, corresponding to massive quanta. In terms of the original electroweak iso-
spin and hypercharge vector fields, the physical fields are:

su(2)y,

A

i

Y W3 o
" M“ Ccos 6 + “u sin ©

0
ZU

i

—WE sin 6 + Wﬁ cos 6 .

The summary of all this is shown in Fig. 12d. Notice that circled quantities indicate the
fields whose quanta are observable. Thus W correspond to the charged weak bosons; W3 and
W' do not have observable quanta. Their mixing produces A, and Z;, whose quanta are the
photon and the neutral weak boson, as we will see later. %n Figs. 12a-d the thick lines
indicate where the observable quantities come from.

Before the SU(2)y x U(1)p+p electroweak theory, our knowledge was all along the T axis,
where we had the so-called charged currents (more correctly these currents should be called
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"electric charge changing currents'). We knew that A; exist but we did not know of the
existence of the neutral current NC axis, nor of the intimate connection between Au and Z&.

Note that T indicates the existence of the three components (T+, T, 1%). These are
the generators of the group SU(2) while Y is the generator of the group U(1). The electro-
weak angle Bgy (to be called 8 for simplicity) determines the relative weight of these two
basic gauge groups, whose merging generates the electromagnetic and the weak interactions.

We have learned that the e.m. field is not a fundamental field; it is made up of two
other fields, W’ and W!. Their mixing generates A, and Zﬁ; the quanta of these fields are
the observable quantities. The is well known and is associated with a massless particle,
the photon. The Z° is associated with a particle whose mass, as mentioned above, is expected
to be near 85 GeV or so.

While only one of the two neutral fields is known, if we go from the fields to the cur-
rents we find out that both neutral currents are known. The electromagnetic neutral current
is known since a long time, but not its structure in terms of Ji and J +R> @s shown in the
formula
em _ .3, 1Y
T A
The other neutral current is the so-called "weak neutral current', discovered in 1973 1) and
predicted much earlier by the SU(2)j x U(1)[+r theory, in spite of the experimental evidence
against it2),

J

It is in the field of the neutral weak currents that in these last years there has been
a very intense experimental activity going on.

In order to understand how this '"neutral weak current' is derived from the SU(2)p, x
x U(1)] g Symmetric Lagrangian (la), let us mention the basic steps. The first one is to
write %la) explicitly, omitting the spinors and other details for simplicity:

= o 3 + 13 73 oY 7Y
Jeweak+em gT(LUJU * w;JU * WﬁJu) * gYUUJU -

Once again we emphasize that the 'neutral” part of this Lagrangian has two pieces:

before mixing _ 343 oY 7Y
2 e el =g WIS+ g T (1b)
Y

After the mixing between Wi and W , we have the other two fields A, and Zﬁ coupled to the

b
appropriate currents. H

We know that electromagnetism exists, and that A, is coupled to the e.m. current Jﬁm
with coupling "e'': e A J§M.

By definition, the remaining 'neutral’ part is
Z NC
Z
gz,

where gz 1s the "weak' neutral coupling constant and Jﬁc is the weak neutral current. After
the mixing has taken place the ''neutral' Lagrangian is

after mixing _ em 7 NC
£ neutral =eAJ et g (1c)
Equating the two Lagrangians (1b) and (1c) we have:
Yy em Z NC
W3 + g WJ =¢eA + Z J s 1d
R T R AT (1d)

which gives "e" and g in terms of the original coupling g and of the mixing angle 6:

e =g+ sinb « cos 8 ; gZ =g,
already illustrated in Fig. 11. The above equality (1d) gives J§C in terms of Jﬂ and JgM.
More precisely:

NC - 13 _ -2 . €m

LR~ JL sin® 8 JL+R .

This formula tells us that in order to know the "neutral" weak coupling, all we need to know
are the values of the electroweak isospin T{, and of the electric charge of a given particle
(leptons or quarks) as given by Table 4.

J
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Notice that the electroweak isospin is only left; it contributes only to the "left"
coupling constant. The electric charge is left and right; it therefore contributes to the
"left'" as well as to the "right" coupling constant. All this is shown below:

NC a3 a2 . 1em

JL,R = JL sin® 6 JL+R
g = TE - sin® 8 - Q?m< (2)
gg = zero - sin? 8 Qﬁm«_

For example, take the "up' quark. The electroweak isospin third component is Ti(up) =
= +!, while the electric charge is +%; the result is

I D
g(u)L =+5 - sin 8 7 -
If sin?6 = Y, we have g(u)L =+

The values of the weak neutral coupling constants for all known leptons and quarks are
given in Table 5.

Table 5

Neutral weak coupling constants of leptons and quarks,
as predicted by the SU(Z)L X U(I)L+R standard theory.

Spinors | T}, of™ | o™ gL gr &v gA

1 1 1 1

Ver vu, Vil*t 3 0 0 > 0 7 iy

e, u, |- % -1 -1 (— % + sin® 6] sin® @ - 211- + sin? 6 +%

u, ¢, t +—%— +%+% %—%sinzeJ -%sinze—}r—%sinze —%:

1) o1y 1101 2 1 . 1,1 e 1

dC’ Sc» bC 7 3 3 ( 7*% sin 6] +z sin 0 7+ 3 sin 6 + 7
If sin? 8 = 1/4:

: 1 1 1

Neutrinos (vg, Vi V) t 3 0 + - 3

- - - 1 1 1

Charged leptons (e ,u ,77) -7 7 0 T

. 1 2 1 1

Up-like quarks (u, c, t) + - 17 13 -7

Down-like quarks - % + 11_2. - 127 + _[11_

(d-Ca SC» bC)

Notice that in SU(2); x U(1)1+R, Tf{ = 0 for all quarks and leptons. Therefore gp, the
"right'" neutral weak coupling, can be # 0 only for particles with Q€M # 0. In other words,
in the "standard" SU(2); x U(1)1+R theory the ''right" coupling is coming from the existence
of "electrically" charged spinors. Otherwise the weak neutral coupling would be "left-
handed" only.

Notice also that the ''vector" (gy) and "axial" (gs) neutral weak couplings can be worked
out in terms of the "chiral' neutral weak couplings (g, gr) by

1 1 . em 1 1
gy =7 (eL+gg =7 T ~sin® 6 - Q7 , g =5 (p-g)=-7T -
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All this explains how the weak neutral coupling constants of quarks and leptons, in
terms of the ''chiral" (g, gR} or of the "vector" (gy) and "axial" (ga), are related. The
results, shown in Table 5, are an example of the pregictive power of the theory.

Let us review the experimental pre-Conference results. The neutral current experiments
can be divided into four classes: 1) lepton-hadron scattering; II) lepton-lepton scatter-
ing; 1III) lepton-hadron interference (free particle states); IV) lepton-hadron interference
{(bound particle states).

Class I: Lepton-hadron scattering @) v(v)
4

The typical diagram is shown here. In this class of experiments
the leptons are electrically neutral, i.e. neutrinos (or antineutrinos).
The target hadrons are "up' and 'down'' quarks. The ''strange' quark is
in the "ocean'. More massive quark states are more damped by the v- A
energy so far available. The final state can either be the same quark
(elastic scattering) or any other hadronic state (inelastic processes),
provided the known conservation laws are fulfilled. H stands for a

hadronic state. H H!
A series of 15 processes, using primary high-energy neutrino and
antineutrino beams against either
protons or neutrons, is the source
of all experimental information to Table 6
check how measurements compare with ———
theoretical predictions. These pro- Comparison of the SU(2)y, * U(1)p.g
cesses are: inclusive neutrino and weak neutral coupling constant with experiments
antineutrino on neutrons and protons;
elastic neutrino and antineutrino
scattering on protons; inclusive w L Taking .
production on neutrons and protons; GSW predictions sin? o = 1/4 | EXperimental
exclusive 7 production on neutrons
and protons. 1 2 .,
g(u)L =5 - =% sin 6 +0.33 +0.35 = 0.07
The pre-Conference resultsa’“)
in terms of the basic weak neutral g(@, D =-14 12 ~0.42 ~0.40 + 0.07
coupling constants g(u)j, g(u L z 3
(dI)J gd 5 g, glwr,
g , and g , are given in
Tablé 6, where fhe theoretical pre- |glwy =~ %’Slﬂz 6 -0.17 -0.19 £ 0.06
dictions of Table 5 are repeated
for the sake of comparison. g(d)R a) o, %~sin2 8 +0.08 0.00 + 0.11
Without the standard SU(2}y, x
x U(1)+R theory, many parameters a) The Cabibbo angles are neglected here. The exact
would be needed to describe these formula should read g(d)y, = (same)-cos 6(;
15 neutrino processes, and we would g(d)p = (same)-cos 8¢c. These effects are too small,
miss the link between electromagne- compared with the experimental uncertainties.

tism and weak interactions.

Class 1I: Lepton-lepton scattering

The experiments performed so far have used as primary leptons vg and v,. The target
has always been '"'electrons''. In these experiments the ''target mass'' is me, to be compared
with the "target mass' of the previous class, my. In fact, for the same primary neutrino
energy E,,, the q® values for processes of classes I and II are in the ratio

2 .
RY

E -m
q%l v e

~ 2,000 .

The cross-sections in this second class of experiments are damped by about 3 orders of mag-
nitude, with respect to the class I experiments. The order of magnitude of the cross-
sections is

o(ve - ve) v 1072 cm?

where v stands for ve and v;;. These are the smallest cross-sections measured on earth.
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The diagram describing the elastic lepton-lepton processes vee‘ > vee‘, vue‘ > vue‘

is where v can be either vu or V.

The experimental pre-Conference results are shown in Table 7.

Table 7

Comparison of the SU(Z)L % U(1)y,p predictions
for purely leptonic processes with experimental information

—i2 2 Theoretical predictions| Experimental
o(107"% em®/GeV) | " ith sin2 6 = 0.27) value | Refs.
Ve€™ > Ve 5.2 ' (5.7 + 1.2) 5
Ve +~ 9 e 1.6 (2.2 £ 1.0) 6
H H )1
+ 2.
[1'0 - 0.9] 7
ve »ve” 1.4 (1.1 + 0.6) 6
H H 2.6
+ .
[3'9 - 2.1] 8
(1.8 £ 0.8) 9

Class III: Lepton-hadron interference
(free particle states)

Two experimental results are known since about a year. They come from the Taylor group
at SLAC.

Using polarized electrons ep and ep, Taylor and co-workers' ) have established a non-
zero value for the following ratio:

o(eL + D~ e * any) - o(eR + D~ ep * any)

A= )
o(eL + D~ e * any) + ofep + D~ ep * any)

er elr

which is a 'parity non-symmetric' quantity.
This, according to SU(2)f, x U(1)1+Rr, arises
from the interference between these two dia-
grams, where @ = Ya and @ = /gp = gZ/mZo,
and where T stands for target ~(i.e. protons
or deuterons and their quark content). The
parity properties of the "interference term'

are as follows: (1

Jg = the vector current at the "'electron'' vertex = @eYuwe
Ja = the axial current at the "electron' vertex = @eYuste
vV = " 3 = |
Jquark = the vector current at the "quark' vertex = ququ

JA the axial current at the "quark' vertex = Y Y, Ys¥g -
quark qiuf>rq
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Parity violation is due to two terms:

V., A A, 4V

Te Jquark and  Jo quark °
Notice that the other terms

v,V A, A

Je Jquark and  Jg Jquark

are also proportional to the product (a-Gg) but conserve parity.

Notice also that the first diagram contributes purely vectorially, while the second
diagram, with the Z°, has both vector and axial currents at the '"lepton'" and '‘quark"' ver-
tices. The exact calculation predicts!?)

gGra® (1 -2
- — L 41 - Hsin? o+ (1 - 4 sin’ 0) [1 d 2)]}, 3)
20 V2 1o 1+@0-y9
this term is this term is
enexated b enerated b
%é-JV Y %V-JA Y
quark e “quark

the experimental results being
Ay = (9.5 + 1.6) x 107° in deuterium ,

£

and
Ay = (9.7 £ 2.7) x 107° in hydrogen ,

in excellent agreement with Eq. (3), for sin®@= 0.20 * 0.03.

We will see the newest data on the q*- and the y-dependences, at the weak interactions

sessions of the Conference.

This y-dependence is generated by the product JX‘Jéua k» and its detection is going to
be as hard as sin® 6 -~ Y,. For example, if sin® 6 = Y, the asymmetry has no y-dependence,
as can be deduced from the inspection of Table 5 without the need of any detailed calculation.

Class IV: Lepton-hadron interference
(bound particle states) -

Here we are in the field of atomic physics Y 70
experiments. The "lepton" is charged (electrons
in the atom), while the hadron is the nucleus.
The basic diagrams are as shown here.

It is the interference between these two diagrams which produces the parity-violating
effects. Notice that, in contrast to the class III experiments, the "electrons' as well as
the target hadrons, or an assembly of quarks, are in bound states. Therefore atomic and nu-
clear physics structures come into play. Moreover, the g values are very small, typical of
atomic physics. And this is why the interference effects are much smaller than in the SLAC-
type of experiments'®),

12-21)

The pre-Conference results are summarized in Table 8; two atoms have been inves-

tigated: bismuth and thallium.

The bismuth experiments. Bismuth is an atom with 83 electrons, of which 80 are in the
core. Here a reliable theoretical calculation of the three-electron wave function at the
site of the nucleus is needed.

In this class of experiments the trend has been towards a series of contradictory re-
sults. In 1977 the difficult laser experiment gave the first results reported in Table 8,
in contradiction with the standard 'electroweak' theoretical predictions. However, the
three electron wave function calculations were later questioned by the same authors. The
first evidence for the existence of a parity violation effect of the size expected in the
standard theory was then reported by the N?vosibirsk group!?+!3J)  using the same spectral
line investigated at Oxford (6476 &) '%»!3), Later the Seattle group!®,18) reported new
evidence which shows the existence of an asymmetry, even if the measured value is still far
from the expected one. The most recent Novosibirsk data will be presented by L.M. Barkov

at the Conference.
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Table 8

The atomic physics experiments

Theoretical Theoretical predictions - Refs. for
references sin® 6= 0.27 Experimental results experiments
Atom used (bismuth) Z = 83 ‘ Oxford
20 15t -25 x 107° }Line . (2.7 +4.7) x 107° 14
21 nd _12 x 1078 6476 A ( -5+1 ) x 107° 15
Seattle
20 15t -18 x 10‘8} Line o (0.7 +3.2) x 107° 16
21 nd g x 1078 [ 8757 A (-0.5 + 0.7) x 107° 17
(-2.4 = 0,9) x 1078 18
. . Novosibirsk
Line eriment _
care & %ﬁga¥§“”“" (1.10 £ 0.30) 12
(-19 5 ) x 1078 13
Atom used (thallium) Z = 81 Berkeley
2.6 x 1073 Line (4.2 £1.6) x 1073 19
2927 A

Finally, a few words on the thallium experiment.

This is an element with only one external electron. Commins et al.'®) have selected a
highly forbidden M1 transition, and the effect observed is due to the relative largeness of
the quantity which is the imaginary part of the electric dipole moment divided by the (rela-
tively) small Ml transition amplitude in the 2927 A level of thallium.

The effect is called dichroism; it is, in fact, a measurement of the absorption cross-
section for "left" and "right'" helicity photons

(or - o)/ (oR * o1) ,

just like the SLAC experimenth) except that we are dealing with polarized photons rather
than polarized electrons. In principle this experiment should be on better grounds when
compared with the bismuth one. Here, in fact, we have a higher frequency of the spectro-
scopic line (2927 A) and we are dealing with a one-electron system. Thus the core correc-
tions should be much smaller than in the bismuth case.

The four classes discussed above can be characterized by the following parameters:

¢. = O(wanted effect)

i o(other processes) G=1,234,

whose order of magnitudewis given by the typical diagrams shown below (B = bound state).
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€3 = =104 q2 € = : =10"7-1073

When comparing experimental results with theoretical predictions the value of e; should
be taken into account, especially in order to understand the well-known history of the neu-
tral current experiments. Thus we see that no problems have ever existed in the class I
experiments, for which ¢; = 1. The class II experiments have produced some problems; here
g2 = 5 x 107%. In class III we have a unique high-precision experiment. So, in spite of
the small value of €3 = 107", no problem has existed. In the last class, we started with
experiments characterized by e4 = 1077 and many contradictory data have appeared in the 1ite-
rature. However, the Novosibirsk experiment and the recent thallium data (for which e, =
= 107%), have produced the first evidence for the existence of parity violation effects in
accordance with the standard SU(2)1, x U(1)y,p theoretical predictions. Table 9 sunmarizes
the pre-Conference status of all neutral weak current experiments. At present there is not
a single experiment that has proved to have results in contradiction to the standard theory
of the electroweak interactions. We will see that the data to be presented at the Conference
will confirm this trend.

Table 9

Neutral weak current experiments. Summary status.

Type of Problems of a)
experiment € inconsistency |\t Present
Class I 1 No 0K
Class II {5 x 107" Yes 0K
Class III | 107" @° No 0K
Class 1V | 107%-1077 Yes 0K

a) Agreement with SU(Z)L x U1} 4p

What have we learnt?

The knowledge of the following five quantities:
i} o, the fine structure constant,
ii) 6, the mixing angle between the two gauge groups SU(2), and U{1)[4R,
iii) the Clebsch-Gordan coefficients of the SU(2)j x U(1)p.p Symmetry groups,
iv) the Fermi coupling constant, Gg, or one mass, My OF Myo,
v) the generalized Cabibbo angles,
is all that is needed to describe weak and electromagnetic processes, in the framework of a
theory which is renormalizable. The old times when weak processes needed a cut-off are over.

Let me say a few words on the simple Spontanecus Symmetry Breaking (SSB).

Here comes an impressive experimental check, known since one year and to be reported
with more precision at the Conference., 1In a weak interaction theory, with the Higgs mecha-
nism unknown, there are two unknown parameters: the famous mixing angle 6; and the ratio
p of neutral to charged currents, introduced in order to keep free the masses of the inter-
mediate bosons:
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2
y 2
o, _ rate of neutral currents _ ENC .(1/mz°) (4)
" Tate of charged currents 4 2 "
; gee (/i)

If SSB really takes place, as suggested by Salam—Weinbergzé), i.e. via the simplest Higgs
mechanism, the masses of the charged and neutral intermediate bosons are related:

Mye/My0 = COS 6 . (5)
In this case, as mentioned before, the damping of the neutral currents, with respect to the

charged ones, is compensated exactly by the ratio of the coupling constants: géc/gzc =
= cos? @; in fact, gce = g¥ = gewecos 6, and ENC = Bew» a5 we have already seen. Therefore

2 _ My 1

u
Mmyo  COS 0

=1, (6)

The pre-Conference result??®) is
p=0.98 £ 0.05 .

Let me close by calling your attention to the following three features of the GSW
theory:

i) the existence of the two quantum numbers, the electroweak isospin and the electroweak
hypercharge, shared by quarks and leptons;

ii) the discovery of a new law which relates the weak neutral current to the electromag-
netic current: NC , em
= 3 s
JL,R = Jf, - sin®6 - Jyip -

iii) the strength of neutral to charged current effects, i.e. p = 1, which implies that the
simplest SSB is at work.

THE GENERALIZED CABIBBO MIXING

Here the great point of concern is to bring the PC- and T-violating interactions into
the standard weak interaction scheme. This can be done if nature has, at least, six quarks
to play with. These six quarks form three weak isospin doublets

b () ()

’ ; - )
dC Sc bC

Notice that "C" indicates a ''Cabibbo' mixed state, as shown below. The transitions among
the various states would be as given in Fig. 13.

Notice that there are no ''charm-changing' neutral currents -- there will be new results
presented at the Conference on this important topic -- in perfect analogy with the absence
of the '"strangeness-changing' neutral currents. In fact, the "horizontal" transitions in
Fig. 13 are all "naturally forbidden', i.e. forbidden for any value of the mixing angles.
This is indicated by «x» in Fig. 13.

Q
u _CJ t +«213
-~ ;::——*?——-» —r——96~::: =
g —
NN >< 1)
~ T -~
- :/ : \><\ ~

Allowed neutral currents:
uu, Ec, tt, dd, ss, bb .
Generalized Cabibbo mixing opens the dashed channels. Without it, the dashed

transitions would not exist. The only allowed transitioms would be those
inside a quark doublet, indicated by the full arrows.

Fig. 13
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In this six-quark theory there are
three Cabibbo angles: the original one and
two more; plus a phase angle.

The generalized Cabibbo angles and the
phase angle entering with the various weak
transitions are shown in Fig. 14. Notice
that there is no mixing in the lepton case
if all neutrinos, ve, vu, Vo, are massless.

Pre-Conference results already indi-
cated that the process v + d »~c + u 1is

Cabibbo suppressed. Notice that 'd" is a Six quarks

"valence'' quark. New results will also be _ g;ﬁg&:;%n
presented on the allowed one: v + s »c + u, S, = sin o,
where '"'s'" is of course an "ocean' quark. As Q = cos 6]

shown in Fig. 14, s » c has only cos's
(C1C2C3) whilst d + ¢ has a sine: (5;C.).

SUPERSYMMETRY AND R # 0 PARTICLES

All particles obey either Fermi or Bose statistics. Fermions and bosons exhaust all
possible particle states. In his famous lecture at Erice in 1967, Coleman®*) discussed
"All possible symmetries of the S-matrix'". All but one. This one is the symmetry which
tells you that if you have a boson you must have a fermion and vice versa. This supersym-
metry can be traced back to the structure of space-time. Superspace tells us that we had
forgotten the 'fermionic" dimensions and have limited our concept of space to only the
""bosonic' space-time dimensions.

The well-known 'no go" theorems of SU(6) [i.e. SU(3)f1avour combined with SU(2)spin]
are overcome; not because their proof was wrong, but simply because the nature of the
space-time was too restrictive. It was only based on Lie algebra, i.e. no anticommutation
relations were allowed in the basic algebra. The algebra related to superspace is a ''graded"
Lie algebra, i.e. anticommutation relations are allowed. One of the striking results of
this new concept of superspace is the fact that a standard ''space-time" translation is not
the most elementary motion in superspace. In fact, the space-time displacement operator Py
can be obtained as a result of the anticommutator of the spinoral operatorszs) Qa’ QB:

= vl T
{Qa’ QB} = ZYaBPu .

The notion of superspacezs) provides us with the concept of a superelementary displace-
ment, which can be thought of as the ''square root' of the standard space-time displacement
operator. This is reminiscent of the Dirac equation, which can be thought of as the 'square
root" of the Klein-Gordon equation. The concepts of mass and spin are on an equal footing
in superspace. Its curvature is related to the "mass density'; 1ts torsion to the "spin
density'.

Supersymmetric theories provide a theoretical motivation for the mutual occurrence of
both FERMIONS and BOSONS through a symmetry principle which is related to the underlying
geometrical structure of space and time.

A possible consequence of the supersymmetric approach to particle physics is shown in
Table 10.

As we can easily deduce from this table, the existence of a photon would imply a mass-
less spin ] particle, the photino. The gluon would be accompanied by a gluino. Quarks have
as supersymmetric partners new "heavy leptons' -- not to be confused with the standard ones
(R = 0). The existence of "gluinos" means that in hadron physics we should one day discover
"mesons'' behaving as ''fermions' and 'baryons' behaving as "bosons''.
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Table 10 [following Farrar and Fayet27)]

The particle states are specified according to the quantum
number R, which is zero for all known standard states.

The values of R are indicated in parenthesis.

Multiplets Vectors Spinors Scalars
m=0 Photon (0) Photino (1)
Gauge part. | Gluons (0) Gluino (1)
m#0 Intermediate | Heavy Higgs
Gauge part. | bosons leptons (1) | scalars (0)
W, 2° (0)
Matter Quarks (0) | Quarks (1)
multiplets e, Vo (6) Leptons (1)
U, Vu ()] Leptons (1)
T, Vo 0) Leptons (1)

PRESENT OUTLOOK

Excluding gravitational forces, all fundamental interactions of nature seem to share

an impressive series of common features:
¢ .
v, W, 2% gluons » ¢
( P

1) They are all described by the same basic diagram, where a pair_of
spinors (leptons and quarks) (Y¥) interact with another pair (),
via the exchange of a spin-one particle (y, WY, 2°, gluons).

2) Each interaction is originated by a gauge symmetry group. These are:

Uy SU(2) SU(3)
v ¥ v €
8y gr gC

where gy and g, are the electroweak "hypercharge' and "isospin' coupling constants whose
mixing produces the electromagnetic and the weak couplings; and gc is the '"colour" cou-
pling between coloured quarks and gluons. All (gy, g, gc) are dimensionless.

It is perfectly legitimate to think that a supergroup is at the origin of all the gauge
symmetry groups; This needs to be a very large group. For example, SO(8) is too small, in
fact: SO(8) p SU(3). x SU(2) x U(1). However, as will be discussed at the Conference, the
supersymmetric Lagrangian with SO(8) internal symmetry shows SU(8) properties.

It is interesting to remark that any group which contains SU(3). and U(1) has the very
interesting feature?®) that coloured states are associated with fractional charges, while
colour singlet states have integral charges. If we identify the leptons with the colour-
singlet basic fermions, and the quarks with the coloured basic fermions, this is exactly
what seems to happen in nature.

Notice also that renormalizability requires strong interactions to be invariant under
electroweak isospin T and hypercharge Y. As SU(3). commutes with the gauge group of weak
interactions and since the strong couplings occur through a gauge-invariant coupling of
quarks and vector particles (the gluons), there are no parity-violation and no strangeness-
violation effects to order o, as is found experimentally.

The Lagrangian of these basic unbroken interactions involves only massless gauge fields
coupled minimally to conserved currents. These are basic features which guarantee the renor-
malizability of the theory. The masses of the real particles (intermediate bosons, leptons,
and quarks) and the non-conservation of the currents are the result of spontaneous symmetry
breaking. The basic point is that SSB does not spoil the renormalizability of the theory.
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It seems that nature has constructed the world in such a way that we can always

Conclustons:
“hooce Tocal in one real dimen-

choose locally (i.e. at every space-time point) the angles of rotation:
sion, U(1); in two complex dimensions, SU(2); in three complex dimensions, SU(3); and, if
we add gravity, the reference system - {SO(3,1) + translations} {z Poincaré group}. This is
shown synthetically in Table 11. The freedom to make these choices, without producing ob-
servable effects, generates the fundamental forces of nature and is at the origin of the
vector nature of the gauge particles (photons, W's, Z°, and gluons). Gravity is a special
case. A point in space-time is already a vector quantity. To be free at every space-time
point is another vector operation. This is why the graviton is a tensor.

we are faced with what

To sum up the situation at the opening of this Conference:

appears to be a grand synthesis. We must, however, remain open-minded, just in case ... .

Table 11: The Present Grand Synthesis
A All gauge symmetry groups in nature
with basic spinors and gauge bosons
s A \
su(3), SU(2) x u(l)
Coupling
g<: gr gY } constants
. | !
o (quarks) (quarks and leptons) bS (quarks and leptons) Basic Spinors
o ! ! P qu P (massless)
- !
= ! !
&
(8 gluons) (3 gluons) % (1 gluon) Gauge Bosons
182 ++v 88 wt oy Wl W (massless)
l \ v /
(No SSB) x (SSB via Higgs mechanism)
(No masses Masses for Bosons and Fermions
Y for gluons)
4 Experimentally observable e ffects
© Mixing angle between SU(2) and U(1): By
1 © Masses for bosons and mixing among the
Confinement charge degenerate states:
m(W5) # 0
m,g # 0
3 oy L
m(W?) and m{(W )\m -0
o Y
v N
& © Masses for quarks:
L ] .
: my, My, M, M, m, M 40, Notice that
IS L. charged
experimental ©® and mixing among charge degenerate states: c .
ermions
search for d £ s ¥ b = generalized Cabibbo mixing r
quarks are all
j ©® Superweak CP-violating effects | massive;
Mt # 0.
© Masses for charged leptons: m_, m s M #0
Z
© No masses for neutral leptons: N(?utral fer-
SSES - mions are
, M © m\)u = m\)T =0 massless;
y § Meg = C.
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