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The am of this project is to communicate the basic laws of particle physics with
Feynman diagrams - visua tools which represent elementary particle processes.
They were originaly developed as a code to be used by physicigs and are ill used
today for cdculations and eaborations of theoreticd nature. The technical and
mathematical rules of Feynman diagrams are obvioudy the exclusive concern of
physcists, but on a pictorid level they can help to popularize many concepts,
ranging from matter and the antimatter; the crestion, destruction and
transformation of particles the role of ‘virtua’ particles in interactions, the
consarvation laws, symmetries, etc. Unlike the metaphors often used to describe
the microcosm, these graphic representations provide an unequivocal trandation of
the physica content of the underlying quantum theory. As such they are perfect
metaphors, not mideading constructions.

A brief introduction on Feynman diagrams will be followed by the practicd
redlization of this project, which will be carried out with the help of a experiment
based on three-dimensiona manipulable objects. The Feynman rules are expressed
in terms of mechanica constraints on the possible conjuctions among the various
elements of the experiment. The find part of the project will present the results of
this experiment, which has been conducted among high-school students.

Scientific metgphor is the ‘interface between the work of a scientist and that of

the science communicator. They both ded with a ill unknown world and need to find a
language acoessible to everyone to tdk about it. In the case of the sdence

communicator this becomes even more fundamenta if scientific subjects are consdered

in very abdract terms, as in the case of genetics, chemigtry or particle physcs. As far as



the scientist is concerned, not only does the metgphor play a teeching role, but it can
adso lead to sdentific discoveries, as discussed in Miller’s Indghts of Genius [Miller,
1996).

Thus, the science communicator uses the metaphor to describe, the scientig to
explore and experiment. The former creates icons for a wide and differentiated
audience, his am being a cear and user-friendly language. The latter makes for himsdf
a toy veson of the redity he will be exploring. The terms of the andogy are not
abolute, they are rather meant to answer the questions that may arise each time. It must
be ds0 vary smple, as to avoid redundancy and therefore mideading conclusons. This
scientific redity is not only to be observed, as in the case of the science communicabr,
but rather manipulated. In short, the scienti uses the metgphor as an authentic virtua
laboratory.

Mentd experiments, to which Gdileo and Eindein gave grest contribution,
represent the best example of scientific metaphors. The scientist first imagines an
extreme experimental dtuation, unechievable to recreste in a red laboratory. In the
cax of Gdileo this could be the totd dosence of friction, or the possbility of running
a the spead of light in the case of Eingen. At this point, the scientig’s task is to
emphasize the crucid aspects of certan phenomena or demondrate that a generdly
accepted theory can have paradoxica consequences. In these types of metaphors objects
and concepts are obvioudy connected to the fidd taken into condderdtion, even if ther
properties are carried to extremes.

James Maxwell’'s mechanicd modds, used to Sudy the dectromagnetic fied,
belong to another class of scientific metgphors. In On Physical Lines of Force (1861),
Maxwell imagined space as a fluid in which ‘numerous vortices rotate in the direction
of the magndic fidd, this being due to the ‘dectricity patides, which act as bdl-
bearings. When vortices rotate, they expand because of centrifugd force and, as a
consequence, contract longitudinaly. What is known as the atraction of two magnets is
actudly the consequence of the contraction of the space between the two magnets. In
this modd Maxwell can foresee the existence of dectromagnetic waves, caculae ther
veocity and meke out how it isrdated to light.

Maxwell did not believe that these mechanicd models could be any ‘theory’ of
the dectromegnetic fidd, nor did he bdieve in the redity of vortices and bal- bearings.
Yet he obsarved that dectric and magnetic phenomena were apparently compliant with

laws which resembled those of mechanics. He wrote in On Faraday's Lines of Force: “I



hope to make it clear that | am not trying to theorize about phenomena which | have not
observed. My modd’s purpose is to demondrae that the connection between
phenomena of different dasses, as pointed out by Faraday, is gpplicable to the fidd of
maths” In Maxwell’s view, a metaphor is therefore like a resemblance, though partid,
between the rules of a known sector and those of an unknown world, which dlows the
eaboraion of a fresh operationd imege of it and extragpolations on phenomena as yet
unproven. The drength of these metgphors is that they are law-based: “A resemblance
between redions is not a resemblance between the related objects to which these
relaions refer”. Relaiond andogies are to be teken into condderation rather than the

description of unknown objectsin familiar terms.

The am of this aticle is to popularize the basic laws of particle physics on the
bass of Feynman diagrams, which can be consdered as authentic metaphors cregted by
scientists for their researches.

It is wdl known that the behaviour of matter on a subatomic scae, governed by
anti-intuitive laws of quantum mechanics, canot be described by metgphors and icons
taken from everyday life. In this respect, Maxwdl's example can hdp to identify ther
citicd point. Familiar metgphors are often atributed to the dements of microcosm,
namely aoms, nuce, eectrons and quarks but can no longer be used when these
‘corpuscles take on ‘undulatory’ features, or when the scientist talks about the decay or
the trandformation of particles. This is actudly the same problem that the firg quantum
physciss had to face when they could not accept the consequerces of what they had
been theorizing. For reasons intringc to the theory itsdf, what is mising is a known
environment in which to find the dements to be associated by andogy to the objects of
paticle physcs. What is missng is images. Thus Maxwedl’'s theds is acceptable- one
needs to focus on reations rather than the specific objects.

Feynman diagrams illudrate gppropriaidy the reations between particles, which
ae regulated by the laws of gquantum mechanics and fidd theory. These graphica
representations  cdculate the probability for dementary particle interactions to occur.
Thus, they have double importance on a physcad-mathematicd leve they express
every diagram in the corresponding formula and vice versa, with a precise vocabulary.
On a visud-intuitive levd they can view the various contributionsformulae of a given
process and give a physcd comment even before the corresponding mathematica
expressions are caculated.



For our purpose of science populaization we want to focus on this second
agpect. Thus, the idea is to avoid forcing our images to fit scientific concepts, but rather
to pay atention to them and learn to comprehend them, dways bearing in mind that
these metaphors, like dl scientific metgphors, are jugt the ‘tip of a submerged mode’
(M.Black, 1993). This implies that they depend upon a mathematicd system which
must necessarily be left out.

Feynman diagrams are generdly used within scientific laboratories an drawn on
sheats of paper. For this experiment, they have been trangported into schools and
redized as threedimensond, manipulable, coloured objects The rules governing
dementary paticle interaction are expressed in terms of mechanica condraints on the
possble conjuctions among the various dements of the experiment. This is an essentid
dement of the project, an effective way of overcoming the barrier that is inevitably
thrown up by having to ded with a subject as remote as dementary particle physics

The aticle is organized as follows. Paragrgph 2 introduces Feynman diagrams
and their meaning. In paragraph 3 you will find what concepts of particle physics can be
popularized through Feynman diagrams. Paragraph 4 is adoout the practica redization of
this fidd project. In Paragraph 5 some results obtained from this experiment are
presented and discussed. There will follow (paragraph 6) a discusson about possble
developments of this project.

What are Feynman diagrams?

Feynman diagrans ae one of dementary and solid particle physcists work
tools. To every diagram, which is built according to fixed rules corresponds a
mathematical formula describing a certain physca process. The assembly of one or
more diagrams corresponding to one physca process will yidd, by means of a dearly-
defined mathematicad process, the probability vaue for that process. The greater the
number of diagrans consdered, the greaster will be the correspondence between the
caculated probability vaue and the actud vaue experimentally measured.

This method has thereforetwo fundamental aspects:

- physca-mathematica rigour, according to which a diagram is adways built on

the basis of a precise formulaand vice versa.



- the grephic representation of physcd processes, according to which the
various contributions of a process can be viewed and commented on even before they
have been cdculated. This could be, for ingance the posshbility of a given process in
Nature to occur, any possble andogies with other processes, the importance of rdations
between the various diagrams and o forth.

The first aspect is what makes Feynman diagrams perfect metaphors for our
purposes, as they express dl and only the logicaforma content of a theory. It is not
possble given ther fixed rules to build diagrams which do not correspond to their
relative mathematical solutions, and after dl only one diagram corresponds to a given
solution. By virtue of its very congtruction, the metaphor cannot be mideading.

Of course, the correspondence between maths and diagrams is not easy to ded
with and it may teke to years of acadamic studies to be fully comprehended. Our am is
therefore to demondrate that the visud aspect of Feynman diagrams can be used to
popularize some basic aspects of partice phydcs, so that even non-experts can learn to
work with them. If this project is to have any chance of success the physicak
mathematica rigour that underpins everything must maintain a discreet silence.

We will now introduce the various dements of Feynman diagrams and the rules
of the experiment as regards quantum eectrodynamics (QED), the theory which
describes photons, dectrons and their interactions.

Space-time

Firg of dl a Catesan axis needs to be introduced, which will represent space
and time. In this way, our table becomes what physdcists cdl “spacetime’. Every point
represents an ‘event’, that is something which happens in a paticula moment (its
projection will be on the axis of time) in a paticular place (its projection will be on the
axis of gpace). This notion of ‘spacetime is dso known by those who have a
knowledge of kinematics, for it is the means by which motions are defined. At this
point, it will not be difficult to introduce the concept of ‘sample pah’, namdy a
sequence of events which lead from a* here-now’ event to a‘ therein asecond’ event.

The only other thing that needs to be specified is a condderation on the
inverson of the arrow of time. If we invert the axis of time, the sample path consdered
before will describe the notions between same points as before, but with inverted roles -



in a second these points will go from ‘theré to ‘heré and not vice versa. As we will

see, thisisimportant because it has surprising effects

The photon

This is the firg true protagonid. It is traditiondly drawn with a wavy line
because it must be diginguished from the other dementary particles in space -time. The
line in Fg.1l defines the sample path of a photon, g which moves from x1 to X2 in time
t1-t2. In other words, it draws the events (x1, t1) and (x2, t2) together. This is our first
Feynman diagram, which represent the smplest physicd process. At this point, we can
maeke our process and its corresponding diagram more complex by adding another
photon. We thus have a description of the process whereby two photons are propagated
in gpace-time. If these photons are extended, and we look at the past (left) and the future
(right), we will notice that the two photons previoudy at the beginning are the same two
photons at the end. This can be expressed with the symbols gg - gg The same process
occurs every time anew photon is added.
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Fig. 1 A photon in space-time

The dectron
The dectron is dso represented by a line in gpacetime. More precisdy, it is an
oriented line, an arrow with a head and a tal. It is important to remember that if these
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are oriented in the same direction, as hgppens for photons, the dectron will go from (x1,
tl) to (X2, t2). If the arow goes in the opposte direction of time, even though it joins
the same extreme points together, the line will correspond to the ‘anti-€lectron’ or
‘podtron’, which dways goes from (x1, t1) to (x2, t2) and vice vesa Thus, this
element describes both matter (electron €) and anti-méter (the anti-electron €*). They
are two ddes of the same coin, or, in more specific terms, two solutions connected by
the inverson of time. The concept of antimatter is surprisngly familiar to high-school
dudents, or a least its fundamentd aspects (an eectron with a pogtive charge and a
proron with a negetive charge). In addition to this, sciencefiction (remember Star Trek
and the catagtrophic explosons occurring when the world comes into contact with the
anti-world) has dso played an important role in the popularization of the anti-electron.
At this point we can now draw diagrams which correspond, for instance, to the process
€e® ee,o0ee'® ee’,age e€® ge e, andoforth.

If this were dl, the world would be extremdy band. Photons and eectrons
would go undisturbed through the cosmos, without coming into contact. The presence
of an dectron could not affect a proton's motion and vice versa Everything would be
perfectly trangparent, for there would be no way to stop light and reflect colours.
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Fig. 2 An dectron and an anti-electron

Actudly no object would even exis, as the dements of maiter, protons and
dectrons, would never come into contact and therefore no formation of aoms,



molecules and complex dructures would occur. No antenna would catch or emit any
radio waves. What is mising in our experiment is dealy something fundamenta which

describes the phenomena we know - interaction.

Theinteraction

The fundamentd interaction of quantum dectrodynamics is the intersection of
three lines, as shown in Fg.3. A photon, an hcoming dectron and an outgoing eectron
meet in the vertex. It is essentid to bear in mind tha this is the only possble
configuration. As a maiter of fact there is no other interaction in which there are, beside
the photon, two incoming or outgoing eectrons, or two eectrons which join more than
three lines together. This hasimportant effects on the processes possible in nature,
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Fig. 3 Thefundamentd interaction, seen as the absorption of aphoton by an
eectron

If we congder the interaction as a new Feynman diagram, dways focusng on
whet is a the beginning (left) and & the end (right), we will notice thet it can represent
different physica processes. Fig.3 shows a photon and an dectron a the beginning and
only an dectron @ theend, that isge ® € . Thereis a clear difference between this and
what we saw before in the examples above the same paticles were both a the
beginning and a the end. Here the initid photon has disgopeared. To put it in physcd
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terms, the photon has been absabed by the dectron. The interaction thus dlows the
trandformation of initid patides into other patides modifying their motion or even
making them disappear, appear or change their nature. Absorption is a frequent physicd
process which dlows the reception of radio waves (because the antennds eectrons
absorb photons) and protection from sunlight (with the help of a screen or lenses that
absorb eectromagnetic radiation).

If we now condder the same interaction and push the photon further, as in Fig4,
we will obtain the process € ® € g namey the emisson of a photon by the initid
éectron. This process, for indance, is & the bass of the emisson of colour by an
object, and the emisson of radio waves by the dectrons in motion ingde an antenna. If
we rotate the two previous diagrams by 180 degress or, smilaly, invert the orientation
of the axis of time, we will obtain € ® € gandge" ® €', resectively, namdy the
emisson and the absorbment of a photon by an anti-electron, rather than by an dectron.
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Fig. 4 Emisson of aphoton by an dectron

The range of processes described by the fundamentd interaction is even wider.
If we rotate the legs as in Fig.5 we have € € ® ¢ the dectron and the anti-electron
come into contact, disgppear and create a photon. This is the phenomenon of the
annihilation between metter and anti-matter, as those who are fond of sciencefiction
will know. Initid maiter and anti-maiter are completely converted into eectromagnetic
energy, according to the famous formula E= mc2 If we rotate this by 180 degrees, the
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inverse process g ® € €, will be obtained, in which matter and anti-matter are created

by dectromagnetic energy (photon).
The interaction-vertex is the fundamentd building brick of QED. All processss,
from the dmplex to the most complex, are nothing more than a combinaion of

eementary processes like the one described before. Let us andyse some of them.
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Fig. 5 Annihilation between an eectron and an anti-electron

Compound processes and virtual particles

Fig.6 shows a possble redization of the process € e® € €. The two dectrons
come from a remote past and go on undisturbed towards a remote future without ‘seeing
each other’, that is they do not influence each other’s motion. Then why do two charges
with the same sgn repd each other? It is evident that that diagram is not the only way
to represent this process.
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Fig. 6 Two dectrons travelling without ‘seeing’ each other

Fig.7 is the answer to this quettion. In this case, too, we find two dectrons both
a the beginning and a the end, but something important happens in between. The two
eectrons ‘tak to each other’. One of the two emits a photon which goes as far as the
other dectron. At this point, the dectron asorbs the photon. This exchange of photons
dlows the interaction between the two particles. In short, photons act as messengers
which cary such information as the pogtion or the veocity of the emitting eectron for
the receiving dectron. Repulsion is the consequence of this process.

It is important to notice thet, within the diagram, some of the particles play
different roles. Some of them, the dectrons in this case, have a free extremity, which
means that they have been living or will be for an unlimited period of time. Others, such
as the photons, have both extremities termingting with a vertex, so they will live for a
limited period of time. The former are usudly known as ‘red’ paticles, the later as
‘virtud’, because they do not live long enough to be directly detected. It is erroneous,
though, to think that virtud partices are unimportant. As we have seen, they play an
important role as they mediate red particle interactions.
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Fig. 7 Exchange of avirtud photon: the two eectrons‘see’ each other!

There are dso many other diagrams with two eectrons both a the beginning and
a the end, for example those shown in Fig8 and Fig 9. As was sad before, a
mathematica quantity corrsponds to every diagram. In order to cdculate exactly how
two dectrons behave in a cartain gStuation, it would be necessary to sum al quantities of
the possble diagrams with two dectrons a the beginning, which in most cases is
practicdly impossible One of QED’s properties will be of great assstance. The more
dgnificant diagrams, that is those which contibute the most to the find sum, are the
samplest ones, namely those which have fewer vertices. In short, the fewer vertices a
diagram contains, the more important it will be.

A

Space

Time

Fig. 8 One more form of interaction between two electrons...
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Fig. 9 ... and another

What can be popularized through Feynman diagrams?

This is the crucid point of this project. As we have dready said, Feynman
diagrams have dways been one of the most vdid work tools for paticle physcids
They are of essentid hep for accurae and rgpid cdculations, and dlow comments on a
given physcd process even before any cdculation has been made. Their populaity is
mogly due to their versatile character, which enables professond physdciss to view
meany kinds of physica processesin athorough and, at the same time, intuitive way.

To what extent can these characteristics be used as means of popularization?
What can they teach to dl those people who do not have anything to do with particle
physics? Before we answer this quedtion, it is necessry to single out the dements
which make the world of particle phydcs so different from that of traditiond physics.
These are indeed the agpects which most require the development of ‘brand new
metaphors, rather than re-eaborations from everyday life.

This question was rased by Frank Wilczek, one of the most outstanding
contemporary paticde phydcigds in an essay which was published by Reviews of
Modern Physics (F. Wilczek, 1999). Let us see what he suggested.
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Identical particles

As Wilczek points out, the fird aspect to be emphaszed is the exigence of
different, though undiginguishable, dementary particles Two dectrons coming from
two different pats of the universe, regardless of their origin and higory, have exactly
the same properties, namely the same mass, charge and spin. According to quantum
fidd theories, of which QED is the mogt successful example, this is due to the fact that
fidds, raher than paticles ae the primary redity. The vaious dectrons are just
‘excitations of the same fundamenta redlity, that is the dectronic fidd, which pervades
the whole universe. The same goes for photons, quarks and the other particles.

The exigence of different but ‘identical’ particles, which are indistinguisheble
even in principle is entirdy dien to common experience. Lebniz even based his
metaphysics on the principle that two objects which cannot be diginguished in any way
must necessxily be the same object. On the other hand, according to quantum
mechanics dementary particles are to be divided into ‘classes. Two eements belonging
to the same dass, namey two paticles of the same kind, can never be digtinguished,
even in principle This notion is nothing new for those who know the rudiments of
chemidry, but it is worthwhile dressng its importance as opposed to common
experience, which would tdl us how to didinguish two apparently identicd hilliard
balls.

Writing for Encycdopedia Britannica under the heading Atoms, Maxwell
concluded that “the formation of a molecule, therefore, is an event which does not
beong to the order of nature we inhabit [...] it cannot be bound up with the epoch in
which the earth of the solar sysem were formed [...] but with the epoch in which the
natura order of things was established’.

In terms of Feynman diagrams, this can be trandated with the
indiginguishability or, in prectice the interchangedbility of the vaious photon or
eectron lines. Once a diagram has been huilt, if two eectron lines are swapped or if one
of the eectron lines is replaced with a new one, the diagram will be exactly the same. In
our diagrams, which combine edements of two different kinds (electrons and photons)
this agpect is dmogt taken for granted, to such an extent that it goes unnoticed. For this
reason, it is necessary to emphasize it explicitly through concrete examples.
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Matter and anti-matter

The second typicd aspect of dementary paticles is the exigence of anti-
paticles and therefore of anti-matter. This concept was first introduced by Dirac to
interpret the dectron egquetion in a reasonable way. Later on, following the formulation
of quantum field theory, it obtained a true theoretical recognition, and it soon became as
important as ordinary maiter. From the mathematical point of view, dectrons and anti-
dectrons ae two solutions closdy linked to esch other. The antielectron can be
obtained by changing the dectron's charge inverting left and right, inveting the
orientation of time. And vice versa These three operations are commonly known as
CPT.

The close relation between matter and anti-matter is totaly unknown in common
experience because anti-metter is not part of our world. In terms of Feynman diagrams,
by contradt, the relaions between dectrons and anti-electrons is evident in the use of the
same line to describe both particles. It is useful to remember that the line consdered is
an arow tha, if it is oriented in the same direction as time, it will represent an eectron;
if it is oriented in the opposte direction, it will represent an anti-electron. The change d
orientation as regards the axis of time corresponds to the CPT operation described
above.

As far as the photon is concerned, the two possble orientations as regards the
axis of time are undidinguishable (there is no arow on the photon ling) - this means
that photons and anti-photons are the same particles.

Up until now, interactions have not been taken into account. When these come
into play, though, new aspects will have to be consdered.

Creation and destruction of particles

The fird aspect is represented by phenomena of creastion and dedruction of
dementary particles. All four basc processes of QED described previoudy, namdy the
emisson and absorption of a photon and the credtion or annihilation of an dettror/anti-
dettron couple, imply the creation or dedtruction of a photon (the former) or of an
eectron and an antidectron (the latter). As we have seen, al these processes ae
illusrated by the same vertex-interaction, which makes the identification between
interaction and particle creation-destruction evident. In the case of the Standard Modd
the trandformationa role of interaction is even more remarkable. In QED the dectron
emitting a photon is dways an dectron and the proton is dways a proton. According to

15



the Standard Modd, by contradt, the eectron emitting a W boson (Smilar to a photon)
changes into a neutrino, and the proton changes into a neutron.

All this will be much cdearer and easly communicable with diagrams, even a
the ampler level of a fundamentd interaction. It 5 sufficient to observe how the number
of initid particles changes from that of find particles during dl four basic processes.

Virtual particles as messengers of interaction

The exchange of virtud paticles is the process which explans paticle
interaction, as we have seen in Fig.7. According to Maxwdl's eectromagnetism, the
eectric and magnetic forces between two charged particles are due to the influence of
one of these paticles in the eectromagnetic fidd on the other. According to quantum
field theory, fidds and paticles coincide, thus the influence of the dectromagnetic fied
is interpreted as the exchange of virtud photons emitted by one of the (red) particles
and absorbed by the other. As opposed to dectromagnetism, field theory admits that an
eectron may act as a virtud paticle, triggering an interaction between a red photon and
a red dectron occurs. The same goes for pions (which mediate nuclear interaction
between neutrons and protons), W and Z particles (which mediate wesk interactions)
and gluons (which mediste quark interaction). Even neutrons protons quarks,
neutrinos. etc. can in turn mediate interactions.

The idea of virtud patides as interaction mediators is clearly visble in such
diagrams as those shown in Figs. 7, 8 and 9. It is sufficient to observe the difference
between lines with a free extremity (red particles) and those with both extremities
terminating in a vertex (virtud particles).

Conservation laws

The crestion and dedruction of particles, provoked by interactions produce a
possble variaion in the number of paticles involved. As shown in Fg.10. two initid
dectrons produce sx find paticdes namdy three dectrons an anti-dectron and two
photons. The find charge, though, has not changed: there are two negative charges both
a the beginning and at the end. In more technicd terms, the dectric charge is sad to be
‘conserved’ in the process, unlike the total number of particles. The same will happen
even with bizarre diagrams with a high number of dements. the totd charge is the same
a the beginning and a the end. Such conservation laws are to be found in other
theories, too. Not only do they concan dectric charges, but other quantities, for
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example the number of quarks minus that of anti-quarks. These are very powerful
systems, for they unable us to say that no process can bresk any of these laws, even
before the corresponding diagram hes been congtructed. For ingtance, € € ® e €
process, which would require the passage from two initid podtive charges to two find
zero ones, is impossble In this case too, the origin of the consarvaiom law is
represented by the fundamental vertex. All basc processes described by the
fundamentd vertex conserve the dectric charge and therefore al complex processes
mugt adso have the same property, as they are condructed from a series of eementary

PrOCESSES.
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Fig. 10 From two electrons, Sx particles

In addition to dl possble processes, Feynman diagrams dlow the redizaion of
a process not compliant with the dectric charge conservation law. Although the notion
of dectric charge bdance is widdy discussed within chemistry courses we have never
come across dudents who could immediatdy recognize the imposshility of that
process. They dl tend to build very amhbitious diagrams which eventudly prove to be
unfeasible. This is frudrating, but on the other hand students become more aware of the
meaning of charge consarvation. Feynman diagrams can dso demondrate that the
process could be easily redized if a new type of fundamentd interaction were possible,
in which both dectron arows are oriented in the direction of vertex. Thus the very
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close relation between the structure of the only fundamentd interaction of QED and the
conservation lawsis much clearer.

...And what cannot be communicated

The metgphoricd use of Feynman diagrams that we are illudrating is obvioudy
limited. What are the most important concepts which are left out of our demondration-
exercises and therefore need further clarification? As we said before, the mathematical
agect of Feynman diagrams, undeniably useful for those who ded with particle
physcs, is ddiberady exduded from our fidd of interest. Indeed it will be mentioned
during one of our demondrations, yet our audience will be reassured thet it is irrdevant
for our purposes. We will try to be as dear as possble so as to avoid equivoca
interpretations or unintentiona omissons.

There are other delicate aspects which must be taken into consderation. These
ae as important as some of those liged in the previous paragraph, but cannot be
described as readily by congtructing Feynman diagrams. This is certainly the case with
the princdple of energy and impulse conservation. When two particles become sx, as
shown in F@gl0, it is not aufficent to check the posshility of condructing a
corresponding  Feynman diagram and observe that the eectric charge has been
conserved. For this process to occur, it is necessary tha the energy of initid dectrons be
enough to creste four find dectrons and two find photons. Impulse conservation raises
even more subtle problems. On the basis of this principle, none of the basic processes e
® €gee ®g..,can occur sngulaly, but only if combined with other processes
For ingance, the annihilation of dectron/anti-electron dways triggers the production of
a least two photons é € ® gg The consequences of these fundamenta principles are
not made evident by Feynman diagrams, so the assistance of an expert in these cases is
essential.

Feynman diagrams were origindly conceved as a solution to the problem of
infinitess and renormdizetion, that is to sy the method to obtan finite results
comparable with experimentd measurements. Diagrams describing infinite results are
those which contain loops, as shown in Figs. 8 and 9. It is obvious that if we say nothing
on how to ‘cdcula€ a diagram the connection between loops and infinites cannot be
explained, let done the dimination of these infinites
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Field project

One of the typicd aspects of our experiment, probably one of its drengths, is the
trangpostion of Feynman diagrams from a sheet of paper or from a blackboard to the
threedimensond world of physcd objects A physcd support, conssting of
manipulable objects in plagtic or metd, is an important resource for us to involve our
audience, s0 that they will not be fearing a twohour speech on QED. It is essentid to
point out from the beginning that our gpproach will be bassd on manud condruction
rather than on the factud knowledge of abstract concepts. Our experiment is based on
objects and rules and therefore does not presuppose any background knowledge about
dectrons, photons or quantum mechanics. People who are dready familiar with these
notions will find it useful, later on, to use the resulting processes on a more familiar and
complex levd. At the beginning, though, it is necessty tha people usng Feyrman
diagrams for the firg time should not fed obliged to have a certain knowledge or rdae
what they see or do to notions which in most cases prove to be vague and mideading.
All high-school students we have come across 0 far have never felt uncomfortable with
‘interactions and ‘virtua photons. They thought they were not supposed to know
anything about these and therefore took them as what they redly are, namely logicd
blocks of aformal discourse.

Another aspect which needs to be specified from the dart is that the metaphors
in question concern interactions, not objects. The objects that will be used are supposed
to represent dectrons and photons in a functiond way, not naturdigtic. The discourse
can be introduced by such intentiondly absurd questions as “How do you picture an
dectron? After such a question, which will be inevitably followed by dglence and
puzzled feces a little green gick will be of great assdance — “This is our dectron
today.”

Objects

The prototype we need for our experiment has been provided by ‘Bertocco’, a
firm deding with the congruction of modes in Padua The hardest choice was the
mechanism of conjuctions. We had to redize a sysem dlowing only one type of vertex,
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precisdy that in which a photon, an incoming eectron and an outgoing eectron medt,
which would exclude every other combination. We chose a solution with a vertex
containing three femde fittings of three different types of conjuctions (square
hexagond and circular). The dectron has a hexagond mde fitting in the head and a
square in the tail, while the photon has a circular mae fitting both in the head and in the
tal (see Fig.11). In addition to this, two femde fittings are mounted on mobile supports
which dlow the variation of the angle between dectron lines, s0 as to facilitate the
redization of complex diagrams.

The dectron arow is a little green gtick in flexible plagtic, insarted in a truncated
cone which expresses direction. For the photon we have chosen a product which is
dready on the maket for completdy different purposes — a tube for emulsfying liquid
used with lahes and other industrid meachines It is zigzagshaped and orange, <o it the
best candidate to represent a photon, which is drawn with a wavy line, as we have seen
in the figures of the previous chapter. Space-time is a metd table on which space and
time arrows, made of magnetic materid, can be placed.

Fig. 11 The objects created
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Demonstrations, questionnaires and results

About ten demongrations have been caried out, having dder Itdian high-school
Sudents as a target. Demondrations took place both a the Physics Department of the
Univerdgty of Pama, in the context of the “2001 Scientific Culture Week”, and in
schools, with an average duration of an hour and a haf. After touching on the countless
goplications of QED, Richad Feynman, and the physica-mathematica rigour that
renders his diagrams paticulaly useful, the pieces and the rules of the game ae
introduced, following the scheme outlined awove. Then, groups of four or five ae
formed, each receving a questionnaire and the pieces needed for working. Currently,
the redtricted amount of pieces avalable limits the number of dudents to twenty or
twenty-five per demondration. Each quedionnaire begins by indicating a process, for
exanple an dectron and a photon becoming an dectron and a photon, or the
transformation of an electron and an anti-electron into two phatons.

The fird page presents the process and its implications for daily life and for
research in physics. The second page asks students to enact the process by drawing
Feynman diagrams with the pieces available, and to reflect upon the number of pieces
used, the presence of ‘virtud’ partides, and the possbility of enacting the same process
with a different diagram. Then, on the bads of the diagram just created, Students are
asked to obtain processes that are a little more complex, which may imply either adding
pieces or inveting the orientation of the dectronic arrows with respect to the arrow of
time. Findly, the third page asks for the condruction of an impossble process, such as
e € ® € €, 0 that the implications of the conservation laws may be grasped tangibly.
One representetive for each group is asked to write the answers to the questions on a
sheet, and to draw the diagrams cregated.

FHgures 12(8) and 12(b) show one of the questionnaires and a few examples of
the answers obtained, to which our comments were added (in red). Since this pilot
experience was carried out in a smal number of classes, a datigicd anadysis was not
deemed useful, one that would point out, for example, the time required for answering,
the most frequent errors and so on. An approach considered more functional was thet of
andysng the quedionnares individudly, managing to gragp aly common
characterigics and origind idess. Furthermore, observing how groups work, and
interacting with them directly, provides informaion unobtanable from a datidicd

andyss.
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E’ uno dei processi
pit semplici della QED
Viene studiato nei
grandi acceleratori

et ed e entrano nel
rivelatore.

Dopo l'interazione, e+
ed e escono
lasciando due tracce
in direzioni opposte

Prova a realizzarlo coi
diagrammi di
Feynman. Quanti pezzi
hai usato?

Ci sono particelle
senza estremita libere?

Senza staccare i pezzi,
e possibile realizzare
etet = etet, (Cjriesci?

Fig. 12(a) A questionnaire; part 11

1. Thisis one of the Smplest processes of QED

- Itisstudied in large accdlerators

- €" and € enter into the detector

- After theinteraction, €” and € come out and leave two tracks in opposite directions

- Try to enact it with Feynman diagrams. How many pieces have you used?
- Are there any particles with no unused joints?
- Without removing the pieces, €” €'® e €" can be represented. Can you do that?
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Hai appena trasformato una
particella (&) nella sua
antiparticella (e*) !

Riesci a ripetere il miracolo,
e a ottenere ee = e¢€?
Eeet—> ee?Riescia
fare anche questo? Perché&?
Prova a sommare la carica

elettrica delle particelle nei
vari casi. Cosa noti?

p o
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Fig. 12(b) A questionnaire part 22

- You have just transformed a paticle (€) into its anti-particle (€")!

- Can you repeet the miracle, obtaininge e® e €?

-And e €'® € e? Canyou obtain this one too? Why?

- Try cdculating the total eectric charges of the particlesin each case. What do you
notice?

1) We have used 7 pieces.

2) Fhere-arenepartt Yes, the photon.
3) Yes, by rotating the interaction of the €” sby 180° and forming €' s

4) Yes | canobtaine €® € € by rotating both interactions by 180°.
5) No, because in an interaction there are dway's either two € s or two e-'s.
6)e'e® e’ e Thesum of the dectric chargesis zero.
e e® e e Thesumis2e
€e® e e Thesumis2e
comment in red: Everything Correct!
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Broadly spesking, dl groups managed to perform the principd process of each
questionnaire. Usudly, the creetion of the process € € ® €' € required only a few
ingants, while the others were a little more difficult. That is quite probably due to the
gmilarity with the example used during the explanation: € € ® e e. On the bass of
the diagram of the example, only the directions o the arrows of two eectrons need be
inverted to obtan the initid and find anti-dectrons. A corroboration for  this
explanaion is that the other diagram using the same number of pieces to obtain € € ®
e’ € , the tranformation of an eectron and an ati-dectron into a photon which then
crestes another couplee” €, is never given as an answer.

The two other processes requested in the questionnaires, € g® e gand €” € ®
g g The two other processes requested in the questionnaires € € ® € € . Wha is more,
in both cases the interaction is mediated by a virtua dectron, an eventudity that was
not explaned or even mentioned in the explanation of the example (there, the
interaction was mediated by a photon). The groups asked to creste these processes can,
consequently, begin working only with a cetan dday, snce they must extend the
concept of virtua particle from photonsto eectrons.

There was far more disparity in the answers to the processes that were a little
more complex. Almost dl groups answered this pat of the quedtionnares. Virtudly no
mistake was recorded for the questions requiring a smple rotation of eectronic arrows
with no remova of pieces, whereas the questions for which pieces had to be added were
found more difficut. Only few groups did not provide any answer, and various groups
answered when their time was dmost up. In many cases, the answer given did not refer
to the least number of pieces necessary for the process requested (a few groups
indicated more than one correct solution). What is of particular note, however, is tha
virtudly no group answered eroneoudy. Feynman rules when trandated into
mechanicd rules of joints between lines and vertices, do not dlow any wrong
condusond

The subject of the find pat of the questionnaires, the law of conservation of
dectric charges, aroused the most problems. In some cases dudents were asked to
cregte an impossible process. After redisng tha the pieces a their digposa were not
aufficient to complete the task, groups often dtarted raiding ther friends for dectrons,
vertices and photons, hoping thet an increesed number of dements would provide for a
solution. About a hdf of the groups concluded unassigted that, for dl their efforts, a
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vaid diagram was impossble to creste Other (intentiondly vague) questions asked to
find a generd rule, eg. on the devdopment of an dectromagnetic shower initiated by a
photon. In this case, showers could be seen to grow repidly on the deks, but few
dudents inferred that, however high, the number of the dectrons produced is dways
equa to the number of the anti-electrons.

That is not a negative result per se, though. As a matter of fact, no group Stated
that they had found a solution to an imposshle question, as they could not creste it
explicitly. Moreover, pasing from frudraion to “Ah, tha's right!” when recaving the
explanation that the dructure of vertices implies a consarvatiion of eectric charges,
probably impressed students more deegply than the previous, easier diagrams.

On some occasions a different questionnaire was used, with the objective of
comparing the reslts of the dudents working with the mechanicd verson of the
diagrams and the answers of those who could only use pen and paper. The new
questionnaire explained Feynman rules and gave a ligt of five processes to be created,
two of which were impossble ones Though of dubious rdiability for dHatidtica
purposes, a reassuring result was recorded. The groups working only with pen and paper
mack more mistakes, producing diagrams that ether referred to nonrrelevant processes,
or contained a vertex different from the one of QED, such as three afferent dectrons.
Paticularly, sudents did not redise that they had proposed an impossble process,
precisdly because they did not notice that they had used a nonexigent vertex. By
contragt, the answers of those working with mechanica pieces corresponded to ther
questionnaires, that is, whether dudents noticed or not tha a given process was
impossible, they did not create any wrong diagrams.

What remains after sometime?

In one caxe, the effectiveness of the project could be verified after a certan
amount of time. Forty days dfter the demondration, twenty-one students in their third
year of scettific high-school were given a test made up of ten questions, which were
gmilar to those presented above. Only pen and paper could be used, without resorting to
the models of Feynman diagrams.

The percentage of correct (C), incomplete or partidly correct (P), and wrong
(W) answers, and not tried (NT) questions are shown in the table.
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Questions C |P W |NT
Orient the axis of time so as to render object A a positron76(0 (195
and object B an electron:

A ® B: =
Draw a diagram representing the interaction 81145 |0
e e® e e
Create, if possible, the diagram representing ge ® ge” [71|0 [24[5
If the process is not possible, explain why 62|14|24|0
Draw the diagram representing the interaction 66|10(10|14
e e®ee
Can the same diagram represent 861410 |0
e e® e e?
\What needs to be done? 76|10|14|0
Represent the process ge ® € e e 62|1414|10
Represent the process € € ® Qg 670 |19(14
Comment on this process 24242428

Percentages of correct (C), incomplete or partialy correct (P), and wrong (W)

answers, and not tried (NT) questions.

It may be observed that dl questions but the last one were answered correctly by
more than Sxty per cent of the students The mog difficult questions were those
concerned with the creation of complex diagrams (questions 7 and 9). However, the
percentage of success is surprisngly high in these cases as wdl, conddering that the
dudents did not have three-dimensond objects a their digposd, thus being more prone

to mistakes.

Correct FromOtol|From2to4 |From5to7 |From8to 10
Answers

Percentage of 10 10 33 47
students

The process ge& ® ge was recognised as an impossible one by fifteen students
out of twenty-one. When comparing that with the results of the tests with people
dlowed to use only pen and paper, who were able to recognise an impossible process
much more rarely, the concluson can be reached that students remembered the law of
consavation of dectric charges (‘discovered during the demondration), and did not

even try to create arelevant diagram.
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A totd of eighty per cent of the subjects answered more than five questions correctly.
With dl due caution as to its ddidicd sSgnificance, this reslt exceeds dl the mogt
optimigtic expectations.

Fig. 13 The objectswhile being usd

Final considerations

Ove and aove the ‘explandions of the concepts liged in paragrgph 3, the
experiment was sgnificant for the questions it aroused. Some of hem were particularly
rewarding because they were completely unforeseen, but above dl because they
revedled thet curiosity had been whetted to an unexpected depth.

‘Whet's the speed of a virtud photon? ‘Shouldn't it travel at the speed of light?
‘But how can a photon be a paticle, since Eingein sad that nothing can travel a the
speed of light? ‘How can | know whether virtud particles redly exig¢? ‘Can | see a
photon as ‘ containing’ an eectron and an anti-electron?

When there is indght and mativation on the part of the teachers, as was the case
with many of those we were lucky to meat for the project, Feynman diagrams, dthough
not induded in officdd sylldbuses can actudly dimulate wide-ranging debate and
further sudies.
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By way of concluson, a hope and a provocation. Aeshetics is one of the man
guiddines for physcigs when they are cadled upon to formulate or accept new theories,
because it is linked to qudities such as smplicity, economy and symmetry. Can an
aestheticd sense be conveyed, together with the notions discussed above? For example,
the beauty of QED is due to its having one basc vertex only, from which dl
eectrodynamic processes are reproduced. Imagine a theory needing more vertices to
explan the same phenomena for indance, a vertex for absorption and another for the
cregtion of couples of dectrons and anti-dectrons (a dtudtion that a phydcst would
describe as extremdy  anti-economicad and consequently ‘unaesthetic’). What would a
non-physcig choose if he or she were to provide an aestheticd judgement on the two
possihilities?

Future developments

There ae two prdiminay quesions to be faced before imagining the
widespread use of the game developed by the author, thus going beyond the “door-to-
door” demondrations in schools the pieces must be built more economicdly, and the
subject of the game and the basic rules should be introduced differently, without the
presence of the author or a representative of his. In the context of schools, an obvious
slution to the second quedion would be the inditution of traning courses for
paticularly interested teachers. In this case, however, the problem of the cost of the
objects remains, owing to the currently long time required for preparing the cylinders
that represent the interactions.

Dramaticdly different solutions are now the subject of reflection, solutions
cgpable of reducing the cost of producing a large amount of pieces which would be
much smdler than the prototype. Such objects could be sold together with scientific
jounds, and sold or digtributed free in stence museums and exhibitions A comic-gtrip
character (which is being invented) would subgtitute the key figure of the ‘presenter’.
The comic grip and the diagram kit would be accompanied by a booklet containing the
questionnaires in a quiz form, and images and informeation on patide physcs and the
innumerable gpplications of QED.

A second line of devdopment, not in contrast and indeed in synergy with the
former, would extend the method of Feynman diagrams to the Standard Modd, the
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theory that makes QED generd. Indeed, after mention has been made of eectrons, anti-
dectrons and photons, atention is dso deserved by other inhabitants of the world of
patide physcs neutrinos, muons, quarks, etc. For practical reasons, a game containing
dl of thexe dements is unthinkable, but computers and the Internet can provide
interesting solutions. There are programmes, developed for professona purposes, thet
generate dl Feynman diagrams of the Standard Modd when a process and the
maximum number of vertices have been entered. Therefore, a webste to be created —
for those who have dready handled the tangible verdon of the diagrams — may provide
non-expert users with one of these programmes. The most naturd context for such an
goplication would be a webste devoted to the popularistion of paticle physics, where
each process could be linked to an explanatory text and images of the phenomenon as
seen in a particle accderator, for ingtance.
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