Paths of Discovery
Pontifical Academy of Sciences, Acta 18, Vatican City 2006
www.pas.va/content/dam/accademia/pdf/acta18/acta18-zichichi.pdf

TOTALLY UNEXPECTED DISCOVERIES:

A PERSONAL EXPERIENCE

ANTONINO ZICHICHI

1. THE UNEXPECTED DISCOVERIES OF THE 20TH CENTURY

Let me show a synthesis of achievements in Physics during the last

Century (Figures 1, 2, 3).
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Lorentz Invarionce (Loremz ).

The quinmum mane of the Workd (Flasck ),

Two worlds: “Time-like™ and “Space-like™ (Einsteing.
The phaton (Einseein)

Gange Invariance [Wevl),

The Space-Time curvamre (Einstein).

Bose-Einsteln statistics (Bose-Elnstéing.

The sructure of the atom (Bohr).

Wave noture of particles (de Broghie).

Wave Tfoncton (Schridingers and s probabilistic
mterpretation (Bom).

Muclear Forces (Ruthesford) and their ‘glue” (Yokawa),

Figure 1.
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12 The prsal thet Qwianmm Mechanics 5 el comsisien (no
coptradictions) (WVon Meumann),

13 The Weak Forees (Fermi),

|4 The Exclusion Principle (Pmili),

15 The Uncestuinty Principle (Heisenbenr.

I8y Farmi stnlistics (Farmi).

I'T The antiparicles (Dizad)

I® The neatmon (Chadwick)

19 Time Beversal Invariance (Wignes),

20 ket lovarisnce Lows (Wigner-Pociv:  Ddeac,  ‘Woyl-
dharge confugntion; Paoll CFT)

21 The nearting (Paell, Fermi).

23 The Smm are “moclear-fuskon” candlbes (Beibe),

23 Blecoronbe eompanng (Von Mewmann).

24 The sequence of unexpocted Pennl discoveries: Ferai-
weripaliing, Fermi=goy,  Fermi-amomeniin, Frerami=
feraperaiiire,  Formb-aifaece,  Fermi-staremles,  Ferie
sransition, Fermi-dengeh (plus two oibers quoled: abive),

Figure 2.

For the first 50 years, I have listed 24 totally unexpected events, with 23
discoveries, and the invention of electronic computers by Von Neumann,
which no one could have imagined at the beginning of the 20th Century.

Point no. 24 refers to the impressive list of Fermi discoveries: once
again, all totally unexpected.
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THE SECOND HALF OF THE 200 CENTURY

25 The Subnuclear World.
26 The Swmndird Model ind Beyond.

2T The Superworkl.

Figure 3.

The discoveries of the second 50 years are grouped into 3 classes:

e one is the ‘Subnuclear World’

e the second is the ‘Standard Model and Beyond’

e the third is the ‘Superworld’.

This is the frontier of our knowledge which exists as a fascinating
mathematical structure, but lacks the Galilean experimental proof.

The existence of the Subnuclear World and the Standard Model are
strictly correlated.

The greatest synthesis of all times in the study of fundamental phe-
nomena (it is called the Standard Model and Beyond [Figures 4, 5, 6, 7,
8]) has been reached through a series of totally unexpected discoveries.

2. THE STANDARD MODEL AND BEYOND

The superb synthesis called the ‘Standard Model’ is a part of a more
general structure, where many problems are open. We call this structure
‘The Standard Model and Beyond’, ‘SM&B'.

This Structure brings to the unification of all Fundamental Forces of
Nature, suggests the existence of the Superworld and produces the need for
a non-point-like description of Physics processes (the so-called Relativistic
Quantum String Theory: RQST), thus opening the way to quantize gravity.
This is summarised in Figure 5.
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DETAILED INFORMATION ON THE STANDARD MODEL AND BEYOMND
it REGEs (en i md, 2,95 i, [fog, I, G, H]): FiE),
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Figure 5.
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BASIC QUANTITIES
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Figure 6.
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OUR WORLD HAS FOUR
SPACE-TIME DIMENSIONS
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Figure 7.
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3. A FEw ExaAMPLES WHERE I HAVE BEEN INVOLVED

I will now discuss a few cases, where I have been involved (Figure 8).

]
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Figure 8.
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PoinT 1. The Third Lepton, and the other unexpected events in
Electroweak Interactions are illustrated in Figure 9.

Note that for the Electroweak force, Nature has not chosen the sim-
plest way out SU(2), but unexpectedly SU(2) X U(1).
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Figure 9.
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PoINT 2. The incredible series of events which originated with the prob-
lem of understanding the stability of matter is shown in Figures 10 and 11,
together with the unexpected violation of the Symmetry Operators (C, P, T,
CP) and the discovery of Matter-Antimatter Symmetry.

Mass = Matter

|m) = Mass = Antimass = | m, )

=1 (Intrinsic); 1=2 (Confimement); 1=3 (Binding)

clm)=Im)  [F%%
i=1,2,3

|l‘l1i Q, } = Matter 3 Antimatter = I m, Q)
Q, = Flavour Charges
j=(ud ¢ s t b)) =(,234,56
(v, € v, B~ vy HL ) =(7,8,9,10, 11, 12)
i

Clm Q) =mQ) [kx]
iﬂlrzu_q-}; 1!112143;455,&,?*31,95]_ﬂ’ll*lz*

Figure 10.

There are in fact seven decades of developments which started from
the antielectron and C-invariance and brought us to the discovery of
nuclear antimatter and to the unification of all gauge forces with a series
of unexpected discoveries, reported in Figure 11.
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Let me say a few words to illustrate this group of unexpected events.

Since the dawn of civilization, it was believed that the stability of mat-
ter was due to its weight: the heavier an object, the better for its stability.

The Greeks were convinced that the stability of the columns for their
splendid temples was due to the ‘heaviness’ of the columns.

The first unexpected event started with the discovery by Einstein that
mass and energy could transform each other.

When (1905) Einstein discovered that
2
mc =E

he could not sleep at night.

(Peter G. Bergmann testimomny)

J

If matter can transform into energy, the world becomes unstable and
we could not exist.

Fortunately (for Einstein) in 1897 J.J. Thomson had discovered the
‘electron’. Since its charge is opposite to that of the proton, the electric
charge is enough to guarantee the stability of matter.

In fact, charge conservation forbids the transition,

poevy; thusphey. (1)

Einstein stopped being worried and could relax; the world is stable,
despite

2
E=mc".

The only detail is that ‘m” must be understood as being the ‘mass’ of
an object, not its matter. Thus the basic distinction shown on top of
Figure 10. Our Greek ancestors could not believe in this sequence of unex-
pected events.

And this is not all.

Another totally unexpected event had to occur a quarter of a century
later, when (1930) Dirac realized that the evolution of the electron (the
same particle which is in the atoms of our body) in Space-Time (with the
property discovered by Lorentz in his investigation of the invariance of
the Maxwell equations, i.e. they cannot both be ‘real’, one of them — either
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Space or Time — must be ‘imaginary’) brought him to discover an incred-
ibly unexpected fact: that the antielectron must exist; i.e. a very light par-
ticle with the same charge as that of the proton.

If this is the case, then the reaction

p>e’ty (2)

can take place and the stability of matter is again gone. The world
becomes unstable.

Thus Stueckelberg invented another unexpected deviation from sim-
plicity: the quantum number ‘baryonic charge’ which (according to
Stueckelberg) must be conserved in nature.

The reaction (2) is forbidden by this new conservation law:

phett+y 3)

Life would have been far simpler if the Greeks were right in their way
of explaining the stability of matter.

Despite the complications described above, the story of the stability of
matter does not end with equation (3). Another unexpected discovery was
needed. This came with the understanding that the word ‘charge’ corre-
sponds to two totally different and fundamental physical properties.

There are in fact two types of ‘charge’.

One is called ‘gauge charge’, and this is responsible for the existence
of a Fundamental Force of Nature. There are in fact three gauge charges,
the ‘electromagnetic’, the Subnuclear ‘weak’ and the Subnuclear ‘strong’.
(For simplicity we will ignore the gravitational force). The corresponding
forces are described by the Gauge Symmetry Groups U(1) (for the elec-
tromagnetic forces), SU(2) (for the Subnuclear weak forces) and SU(3)
(for the Subnuclear strong forces).

There is a further unexpected discovery: the two Gauge Symmetry
Groups U(1) and SU(2) are mixed and it is their mixing which produces
the effective forces which allow our TV and radio plus all electromagnet-
ic instruments to work and the Stars to function, thanks to the effective
weak force which controls very well their level of burning.

In fact, it is the strength (called Fermi coupling) of the weak forces (also
called Fermi forces) which controls the amount of protons which trans-
forms into neutrons (plus a neutrino and a positive electron) every second
in a Star, thus allowing the ‘nuclear fuel’ (the neutrons) for the Stars to exist.

All we have said refers to the ‘gauge charges’, which are responsible for
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the existence of the fundamental forces. But the stability of matter has to
be there and, contrary to what Einstein thought in 1905, it is not guaran-
teed by the existence of the electric charge: this is in fact a ‘gauge charge’.

In order to have the stability of matter, we need a totally unexpected
type of charge, called flavour charge. The number of these charges is again
unexpectedly 12, as illustrated in Figure 10. The incredible story is that
these charges are four times more than the ‘gauge charges’; so far nobody
knows why this is so.

The answer could come from the Superworld.

The conclusion of the long way to understand the origin of the stabil-
ity of matter is that many unexpected discoveries were needed, as report-
ed in Figure 11. From the Greeks who associated ‘stability’ of matter with
‘heaviness’ to our present understanding, the number of unexpected
events is really impressive.

Let us skip the points 3 and 4 and move to 5, the Physics of Instantons
in QCD.

PoINT 5. The mixing in the pseudoscalar and in the vector mesons: the
Physics of Instantons (Figure 12).

In the Physics of Mesons the totally unexpected result was the difference
existing between the two mesonic mixing angles, pseudoscalar and vector:

Ops# Oy .

They should both be zero if SU(3).4s was a good Symmetry. The exis-
tence of Instantons was not known. They came after the unexpected dis-
covery that 8,57 0y,. (See Figure 12, page 287)

PoINT 6. Newton discovered that Light is the sum of different Colours.
The modern mathematical structure which describes light is Quantum
ElectroDynamics: QED. In the Subnuclear world of quarks and gluons the
mathematical structure which describes these forces is called Quantum
ChromoDynamics. The interaction between quarks and gluons produce
Jets made of many pions

pp—>rtX.

The energy spectrum of these pions is shown in Figure 13.
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This is what Gribov defined: The QCD light. In fact this unique ‘line’ is
the sum of all lines’ shown in Figure 14 (see page 288). This is the dis-
covery of the Effective Energy, once again a totally unexpected quantity.

The non-Abelian nature of the Interaction describing quarks, gluons
and the Effective Energy with the set of unexpected discoveries is illus-
trated in Figure 15.
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PoINT 7. The Unification of all Forces and the Supersymmetry thresh-
old with its problems are reported in Figures 16 and 17 (see pages 289-90)
respectively. This Figure illustrates the EGM effect in bringing down by a
factor 700 the threshold for the production of the lightest superparticle.

The mathematical formalism which has been used to obtain the
results shown in these Figures is a system of three differential non-linear
equations coupled via the gauge couplings

@, a; (withi=1,2,3; andJ = 1,2,3 buti#}j),

as shown in Figure 18.

THE UNIFICATION OF
ALL FUNDAMENTAL FORCES

da, b . |
hp— = ¢ + I— oo
du 27 I8

\ J

Figure 18.

For more than ten years (from 1979 to 1991), no one had realized that
the energy threshold for the existence of the Superworld was strongly
dependent on the ‘running’ of the masses.

This is now called: the EGM effect (from the initials of Evolution of
Gaugino Masses).

To compute the energy threshold using only the ‘running’ of the gauge
couplings (a, a,, a;) corresponds to neglecting nearly three orders of
magnitude in the energy threshold for the discovery of the first particle
(the lightest) of the Superworld [30], as illustrated in Figure 17.

Let me now illustrate in Figure 19 (see page 291) the Platonic Grand
Unification in the Convergence of the three Gauge Couplings o, a,, a5 .

The ‘Platonic’ Simplicity would indicate the series of points making
up the straight line as the ideally simple solution. The real solution is the
sequence of points which totally deviate from the straight line.
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This is just an example of comparison between the ‘Platonic’
Simplicity and the ‘real world’, with the unexpected events needed to deal
with the Grand Unification (see Figure 16, page 289).

Talking about Supersymmetry, there is another important step: how
we go from pure Theoretical Speculations to Phenomenology.

The proof is given in Figure 20 where it is shown how many impor-
tant properties of the physics to be described have been neglected by
some authors (AdBF) whose claim was to ‘predict’ the energy scale at
which Supersymmetry is broken.

In order to attempt to give such a prediction, there are at least five
‘details’ to be taken into account, as reported in the last five columns of
Figure 20.

i o & Y & o T & % |
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Mudbars | Mgl dalr | Eroes EC Moy | GO |UC | AT My |.i.T,|.dEEH
ADBE | anom | 210 | onlyone | Yes 3 Ma| Mol Mo Mal Mo
5% | epedmend | [ sohbon D | | | I i S —

I WA = Wordd Avarage

Z Erovee Linoarkanty taken from all dele (Workd Averagal or fram @ singla. avpenimant
& EC = Evalution of Covplings
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%

i

C O = Convergénce of Couings
UE = Linfleation of Couplings nbove Eg
i AT, « Low Energy Mmashold
B My = Mass Scald 5 the bresking of te Grand Unied Theon fo the
SU I SLY el
0 ATy = High Esargy thrashokd
B EGM = Evaltion of Gewging Misses

Figure 18.
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4. CONCLUSIONS

In the field of Subnuclear Physics, the totally unexpected discoveries
date back to the beginning of Galilean Science. We have listed those of the
20th Century ending up with present-day frontiers in Subnuclear Physics.

Question. What about other fields? One which is very intensive in a
number of discoveries is the field of condensed matter.

Let me quote Tony Leggett (University of Illinois, Urbana — Champaign,
USA), Nobel 2003 for ‘Superfluidity”: ‘Tt is relatively rare in Condensed-
Matter Physics to predict discoveries, it is a field where you fall over them
by accident’.
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The poimts have a sequence of DD GeV oin energy, The last
point wherne the Cideal’ pltonic straight line intercepts the
theoretical prediction 15 af the encrgy of the Grand Unilhication,
This corresponds 10 Egy o= 102 GeV. Other detailed
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