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1 - Introduction

I have been asked to give you a course on high energy physics,
or more precisely on high energy interactions between elementary

particles.

The experimental situation we have in mind so to say is a par-'
ticle of high kinetic energy shot against a particle at rest. This
is the most general case we like to refer to, although, of course,
you can imagine more complicated experimental situations where the

target is not really at rest.

Why we study high energy interactions ? There is clearly an
obvious answer; we like to extend our knowledge of the physical

phenomena in a field not yet explored, but this is not enough.

The pointiis that we always thought that in the high energy
phenomena we could find the answer to few fundamental questions and

essentlally to the problem of the structure of elementary particles.

The original idea was quite simple: because we believe that
elementary particles are small in extension, say of the order of
~ 10713 cm, and because gquantum mechanics tell us that in order
to explore spacial regions of linear dimension d we must use objects
with wave length A<<d then we have to use high energy particles,
i.e., particles with p»% .

This very naive idea does not have a simple answer because the
increase in relative momentum of 2 colliding particles does not
simply mean that you observe the same phenomena as in the low energy
rangé where we ﬁavelgreater A. As far as you increase the energy

in general new phenomena occur,; so riqh and so qomplicated and un-
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“__expeéted fhap the original idea looks inadequate and your interest
s immediately shifted to the problem of understéﬁding the new
phenomena.

Probably the only case in which the original plan has been con
sequently developped is in the electron-proton scattering where the exten
sion toward high energy has really meant the possibility to under-
stand the electromagnetic structure of the proton.

I am not going to discuss this last problem but the more com-
plicgted things that occur when stromngly interacting particles
collide at high energy giving rise to a varieiy of phenomena like
multiple meson production, production of strange particles, anti-
particles and so dn.

Of these high energy collisions the most familiar is probably
the pion~nucleon (v - N) collision and probably the best known up
to now. |

Let me work few general remarks on it; these remarks, although
definitely pertinent to m - N collisions can be adapted to'other
high energy encounters with little change.

Here wé can distinguish 3 energy regions characterized by dif-
ferent phenomena. | |
a) A low energy region, covered by what we call now the "classical
plon physics®™ in which the dominant phenomenon is the elastic scatter
ing

T+ N —7+X (1.1)

This region extends from zero K.E. up to the energy of the well
known (3/2, 3/2) resonance. (0 to ~ 300 Mev incident pion kinetic



energy in the lab. system).

We have learnt from this regioﬁ the Importance of the spin
orbit coupling and the notion of isotople spin because the 7 - N
interaction is strongly selective in this region for what concerns

total angular momentum, parity and total I-spin.

Among the many channels open for the reaction (1.1) and lden-
tified by (J, P, I) (total angular momentum, parity and isotopic
spin) one dominates and the dominant channel is precisely the

(3/2y + 3/2) channel.

The intrinsic analysis (uses only conservation laws as of
energy-momentum, parity, angular momentum and total I-gpin) of the
scattering phenomena can be performed, as Fermi told us, in this

region on the basis of these 3 quéntum numhers only.

As far as the theoretical situation is concerned one starts with
the constatation of the inadequacy of any approach based on the
pertﬁrbation theory, mainly the so called weak coupling approach,

Further Chew and Low developped a phenomenol'ogicali theory (all
the theories are in a certain sense phenomenological 1;9 to now), the
so called fixed source theory in which they developped some kind
of strong coupling approach, assuming the nucleon at rest and infi-

nitely heavy (as compared to the pion mass), with an extension,

and coupled to the meson fielg by the P, V. interactions

@(P)Jdr p(T( 2=

A-l Acr Vﬂ(r))

where p (T) is a form-factor normalized to ‘[ p(T) a¥ =1, and
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whose Fourler transform: V (k) = J/di e’ik‘r'_P(fj “1s approximated
by a step function

¥

max.

Figo 1

The theory has clearly 2 parameters f and k. The theory
although very limited in his possibilities (giving only P-waves)
succeeded in giving agreement with the experiment or at least in
giving a way to handle the experiments and the connection between
them.

In splte of the limitations of the.theory itself we must be
grateful to Chew and Lew who giVes'us a machlinery to calcunlate
physical quantities and to have a first determination of f2 = the
strength of the coupling between meson and nucleon.

The inability of Chew~Low theory to describe the existing
Bave—conTrTbution, the nucleon reco¥l and the wxrstence ot the
other resonances made it necessary to find new methods, f.i.,
Dispersion Relations Theory. But unfortunately the dispersion

relations give only a small amount of information about the dy=-
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namleal behaviour of the system, just becausge théy_are based in very
ﬁgenerél concepts such as microcausality and. Lorentz invariance. Up.
-to now some few results were tha;ned by the use of dispersion rela
tions,y f.i.y they are able to correlate well some different ekperl
ments and it was pdssible to get information on fz, the: coupling

constant, by the use of "polology" arguments.

b) An intermediate region extending from 300 Me?ito_few Bev.
In this region, which is the region we will be mostiy concerned

with in these lectures the = - N interaction still conserves his
selective character for angular momentum and isospin but the appear
ance of the inelastic processes complicates the situation. Next
the most interesting things, f.e.y the threshold_for strange parti-
cles production fall in this region and contribute to this interest.

In this region we do not have theories,and the only possible
ordering 1s still on the basis of conservation principles and of

few quite crude models.

Anderson theory and polology serve to solve few particular

questions but are not yet in a position to describe the phenomena.

¢) A true high energy region extending from few Bev on, of which
very little is known and in which we are going to play with the
bilggest accelerator like the CERN machine novw in operation and the

Brookhaven machine expected to start quite sdon.

This region seems to be characterized at his begining by the
complete unusefulness of concepts like angular momenta and isospin
due to the fact that all the total cross sections seem to levell of

and to be therefore independent on the energy and on the charge of
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the particles. If;thi&?is 6ﬁly épparent and due to our very poor
information is a mﬁtter of future experiment. But despite of this,
this region will tell us many new things because we know that iithin
it are located the threshold for antiparticles generation. If the
knowledge of these processes will tell us a lot of things or not is

an open guestion about which we will heard certainly in the near
futare.

2 - Analysis of experimental information in the low energy region.

We shall enterxa little more deeply now into the analysis of
scattering experiments in the low energy region. As we have already
announced, we shall deal only with v - N interactions and in parti-
cular In this low energy region the cleanest experimental informa-
tion can be obtained from scattering of n's on protons; These ex-
periments can be easily performed because it is fairly simple to.
get good H, targets and v beams of well defined energy are available
nowadays.

We shall then observe what happens in the following type of
reactionss

1r++p—a-1r+-_!-p (2.1)

which is the only 1mportant process one can obtain with w+ on pro-

tons, and: _
-+ p-— 1w +p NekawBFRscattering¥ 2,29

0

7~ +p — 7w +1n {(charge exchange) (2.3)

and also 7" +p-— +n (radiative capture) (2.4)
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This last. case is quite interesting because 1f‘it exigts, as it

does, the inverse process:
4+ n _a.'jr- + P : (2.5)"

should also exist ans its analysis will provide information about
the conectiors between scattering and photo-production by detailed

balance arguments.

One could imagine also processes with 7° as bombarding particle,
but simple experiments are impossible since 7° beams are not availa-
‘ble because of the short lifetime of the #p, neither are free neutron
targets. Of course one could use deuterons or more complicated
nucleil but then one has bounded neutrons and this complicates the
situation. Nevertheless; some information about other processes
can be obtained assuming charge symmetry, by which the following

simaltaneous substitutions can be done:

T —aT
Tl'o-'-—-i-‘ﬂ'o
Pe— 1

and then, information.on the followling processes can be obtained:

T 4+ N——sT + n (2.6)
T+ nes7 + n (2.7)
v+ n—aewo+ p (2.8)
and finally: 7+ n—>? + p (2.9)

We can readily see that the cross section for (2.9) will be
substantially different from that for'(2.4), since the 9 -ray is
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~able to distinguish between different charge states and maénétic;
moments. | - ’ |

Finally assuming not only charge symmetry but also charge iﬁdg
pendence to be valid, the processes:

™ +p_1®+p (2.10)

2 +n—1° +n (2.11)

which are also possible, turn out to be of the same type than the
former and 1t is possible to calculate them.

Now, we will try to see which are the main facts in all these
processes. Firstly, there will be of course the different total
cross sections:

G,y for (2.1)
for (2.2)
for (2.3)

=0

For the moment we shall neglect reactions (2.4) and (2.9) for
two reasons: 1) They are not pure nuclear interactions since a
‘Y -ray 1s involved and 2) the cross sections for them are much
lower than the other three (except at zeroc energy; at higher ener
gles it represents only about 1% of the others).

If we plot the total cross section versus the kinetic energy
(lab. system) of the incident pion, the main features of the
low energy Tegton will APPEar (KIg. 2J.

The outstanding fact being the strikingly high peak in the o
which reaches a value of 200 mb at about 200 Mev. This extraordi

narily high value of the cross section (about 3 times a geometri-



100 200 300 400 500
Fig. 2 T [ev])

cal cross section for cosmic rays) together with the shape of the
curvey made people to think immediatly of a resonance.

Summing up the other two cross-sections, the resulting curve
has approximately the same behavior, except for the very low energy
region, reaching a maximum which is a third of the value of o, at
exactly the same energy than the maximum in thls latter. The de-
talled ratio between the three cross sections, is: 6;+é O oi0.. =
= 9:12:1.

Another source of information will be the angular distributions
of the pions. Plotting the angles of the pion 1ﬁ the center of
mass system, one gets approximatei} the curves represented in Fig.3.

At very low energy, the pions begin to scatter isotropically (a).
At 200 Mev, the distributlion is parabolic and symmetric with respect
to 90° (b), the curve being fitted by a polynomial 1 + 3 cos® ©.

Below 200 Mev the distribution is again paraboiic but asymmetric
with respect to 90° (c), while above 200 Mev, the curve 1s also pa-
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QO

-1
cos & (C.M.)
Fig . 3

rabolic and asymmetric (d), only inverted with respect to the
former, passing from backward peaked to forward peaked asymmetry.

All this is of course an oversimplified description of factss
there are small differences, for instance, the polynomial]sb3cx520
does not describe exactly the angular dlstribution at 200 Mev,
neither the ratio between éross sections 1s exactly 9 : 2 : 1. Nev-
.ertheless it is quite a good description of what really happens.

Next thing is to try a scheme on the basls of the three conserva
tion laws mentioned in the first lecture namely: conservation of
energy and momentum, conservation of parity and conservation of
I-spin. This is in fact, the experimentallists way of working: to
observe first relliable experimental facts, and on the basis of some
general principles, to trytoget 2 reasonaple description of thosSe
factsy with the smallest number of parameters.

We shall begin trying to say something about differential cross-

-sections. Thege are expressed by:



do - 2
o l'-?l-'_
the sqguare of the Scattering amplitude."If-we knew the inter-
action, and were able to solve the Schroedinger equation we could
get the scattering amplitude but we do not know them., Fermi tried
to see if it is poSsiblé'to-déscribe ﬁhe phehomena neglecting the
charge states of the particles,'i.e., assuming that the interaétion
depends only on the total isotopic spins. '
 Now, if reactions (2.1) (2.2) and (2.3) are essentially the

same s then the chosen method must give resuits in agreement with
the experimental fucts. . ' |

If one takes into zccount oaly the total I-spin forgetting for
the moment its‘prbjeCtions, thén‘the éombination of the”I-spin-l .
of the pion and 1/2 of the nucleon, gives’tyo_poésible-states for
thé w - N systemy namely T = 3/2, T = 1/2. -

Then it 1s ecasy to sz, treating vectdrs-as oréiqarilyiand using
Clebsch = Gordon coefficlents, that:

- an |+

 T3/2

g N"-‘ .

4o

an -0

H

2

| a¢ | 1
an - 9

T2r2 * 2 T1/p|

'In'T one spécirics onlﬁ‘I-spin,'butlit;;ncludés also spin, an-



_gﬁlar momenta, energy and angle I(J,P,I)(E’e) .

Developing those expressions one gets:

2 2 *

| a6 2
v I b R V- R V2
do 1 2 2 * )
Prol I B 7l VR VR VY

Summing up those expressions:

1 2 2 2
AV

+
-o .

'do'
S d4n

don

-

Next step will be to discover which are the states of I-spin
and angular momentum which are important to account for the experi
mental facts. If one neglects the contribution of the T = 1/2
state, at resonance, that 1s assuming that only T = %/2 is important
a good agreement with the experimental daté is obtained, regarding
the ratio ¢, , ¢+ ¢ 1 0__=9:2: 1

Therefore we shall continue the analysis by looking only into
the v+ induced reactions, which are pure TB/Z’ and trying to see
which are the states of angular momentum to which the shape of the
angular distribution at resonance energy can be attributed. One
can jgmmediatly ses that it wcannot be pure s waves sSince in this
case the angular distribution would be isotropic. Only p or 4

waves are able to account for the parabolic form of the curve. Be

cause of energetic reasons one can eliminate d waves whose contri-
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bution if existing should be very small. Furthermore, because the
interference changes sign passing through the resonance, this inter
ference must take place between waves of opposite parities such as
s” and p' while 4 is again of the same parity as s.

Next we can try to see if from the two possible p waves, only
one of them can account for the observed total cross section. For
elastic processes, the maximum ¢ which can be built up with a pure‘

state of total angular momentum J is:

4
- = (J + %)

)
max KZ
At about 200 Mev, =k~ 8 x 10727cn2, Thus, if one takes only
K
J = 3/2 the total cross section turns ocut to be ~ 200 mb.

Now, the contribution of a partial wave to the total cross sec-

tion 1is:

¢ = E—é (7 + %) sin®s
and then, the assumed z,,P;,, wave would give a maximum contribu-
~ tion as required in order to aceount for the 200 mb of the cross
section, when & passes through 90°, and that means a resonance:as
the general aspect of the ¢, curve indicated. Of course all this
is a first approach which simply indicates that assuming a singie
dominant 3/2P3;2j state, one can obﬁain agreement with experimental
facts, both with regard to the absolute value of the cross sectlons,
to the ratios between them and to the shape of the angular distri-
bution. |
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A more complete analysls in terms .of I-spin, permits one to
gain something. Supose one begins to perform experiments in the
very low energy region. Thus, only s wave would be present and
the angular distribution would result: ¢ (8) = const. Then, for
each one of the three reactions (2.1) (2.2) and (2.3) one gets

from the experiment one number: a

+? 8.1 8,9 the three beling des~-

eribed by two parameters, namely a3/2 and al/z.
Going towards higher energies, p wave would begin to contribute
and one gets for reactions (2.1) (2.2) and (2.3), curves which are

accounted for by polynomials:

2
a, + b+ cos 6 + ¢, ¢Os e

a_+b_cos 6+ c_ cos® @

2
+ +
a, bo cos © ¢, COS ]

Then the experiment would give 9 numbers, which, within the frame-

work of the present scheme, must be described by 6 parameters:

83/2 81/2
+ L +- -
bz/2 Pz b2 P

where the + and -~ represent { + % and £- % respectively. In general,
the experiments wonld provide n numbers %o be accounted for by % n
parameters. |

The superabundance of experimental numbers with respect to the

parameters which are necegsary to describe them, provides an interst
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ing check for the goodness of the theory.

3 - Phage shift analysis.

Up to now, vwe have analysed the esperimental results-On_elaétic_
scattering of pions on protons in terms of the 2 possible-I-spin
states of the system, namely T3/2 and 21/2 and we saw that in a first
approximation, those processes are dominated in the low energy region
by only one channel defined by 3/2P3;2 . _

In order to perform a more refined analysis one must expand in
partial waves both amplitudes. When one does that, aach_amplituﬁe

is expressed by:

1 2187 , TN | e
o D) (PR g e
| (3.1)

1 [ 2185 . 2185 .1
+ Z—; Z{‘(t-!-l) '[e t,I - Ie ,2,1] sin © _Pe" {(cos ©)

where the signs + and ~ on the g's indicate states £+ ¥ ma
£ « % respectively, | _ o | '

In this decomposition, the first term represents non spih fiip
amplitude and the second, the spin flip amplitude. Of course the
second term would be zero if forces_were not dependent on spin “
orientation. But nuclear fqrces;are.in.fact dependent on spin ori ..
entation. If spin were not important, then it would not be possible
to distinguish between P3/2 and Pl/Z and we saw that the experiméntal
facts indicate the necessity of dominant P

3/2% |
Now, 1f we try to describe ¢,  we must take into account only
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?S/é;'Tdn the contrary, when one has v + p, then a proper combina~
tion of both states T3/2 and Tl/2 must be taken, as we saw befo:e
in (2.12).

With regard to the number of terms one must take in the expan-
sion, the method is to make a gess on how many waves will enter in
the process on the basls of what one sees of the form of the curve
giving the experimental angular distribution. We must remember
that the square of the modulus of expression (3.1) will give the
differential cross-section. 'Thus, once one has got from the experiment
the angular distribution one must try to fit the curve with a poly~-
nomial by means of the least squares method for instance. One can
try the fit with polynomials of inéreasing degree, stoping as soon
ag one sees that the fit is not improved by taking polynomials of
higher order.

The notation for the phase shifts is well known, and is reminded

in the following table.

- + + - | -
8172 | Piyz2 | P3/2 | P32 | Dsr2

sz | % ] B | %3 | B33 | %3

T2 51 %)y dy3 813 815

It is very difficult to go any further because the calculations become
too complicated and the experimental determination turns out to be

nearly impossible Secause of the smallness of the phase shifts.
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On the other hand, we already know that classical pion physies .
can be described in terms of the three first pairs of phase shifts.

The behavior of these six phase shifts are sketched below: “in

Flg. 4 for the 3/2 state and in Fig. 5 for the 1/2 state.
oA oA

90° o 90° 4

— >

For the PB/Z, d33 is rapidily increasing, nearly as q3 where d is
the momentum of the pion in the center of mass system. For higher
energles its values have not been determined, but it seems to vary
according to the dotted curve. As d33 is always positive, it
reveals a strong attraction between the pion and the nucleon. One
cannot obtain directly from scattering experiments the sign of‘cz33
but it has been determined by observing the interference between
coulpmb and nuclear forces in r+ + p-q-w+ + p. In this kind of
experiment, if the nuclear potential were repulsive, a curve of

type A (Fig., 6) would be obtained, while 1f attractive, type B curve

is expected and this is in fact what comes out from the experimént.



Once one has taken into account the influence of ‘the coulomb scatter

ing, the corrected cuﬁe c

rtep—rtap comes out revealing the pure
\ at ~ 120 MeV

nuclear scattering.

Once the sign of one phase
shift is fixed, one gets the
signs of the rest of them.

Also dispersion relations

provide a way of determining
directly the sign of the phase
Fig. 6 shifts.

00 - 180°

With regard to d}, it turns out to be negative all over the
low energy region, decreasing approximately as = gq. It has been
accurately measured only in the very low energy région, and a be-
havior indicated by the dotted 1line is attributed to it further on.

With respect to « 19 it is badly known; the only thing that

one can say is that ithust be very small, and negative.

For the T = ¥ state, only @; is known; it turns out to be posi-
tive and inereasing towards higher energies nearly as q.

Nothing can be sald precisely about it for higher energies,
eventhough some calculatlons glve a behavior indicated by the dotted
curve., About the other two phase shifts, %1 and QiB one only
knows that they are very small, thus confined to the small region
shadowed on the graph.

This is the situation about the behavior:of the phase shifts;

as one can see, it is not very brilliant but it is enough to know



'the phenomena. About checking, anyfnearly good theory g1Veng33
correctly, but a really good theory should give also the othsfF™

phase shifts.

4 - Photomeson Production

When é y-ray strikes a proton we_haﬁe the react;ons‘?+p-rﬁ+wp
and 0'+p—rn+w+ where we neglect Comptaplséattéring3(0;+pady+p) that
gives only a small contfibutiona o |

In the photoproduction the]crossﬁéectian is muéhismaller than
in the w-nucleon scattering being 2 or 3 orders of magnitude smaller.

We could expect this since in the first case we have the inter-
action of % with p which involves the”couplingjcqnstant %g = T??
and in the scattering, using pseudoscalar eoupling'appears _Gan:ls.

As to the accuracy of the expériments ve havé'the'same situar~
tion both for photopreoduction and scattering,except at very.low
energy where the firét 1s more accurate.

The r=rays come from bremsstrahlung'thus they will'have a con-
tinuous spectrums but their incident'energy can ﬁé'wellldefinéd by
fixing the momentum of the. produced pianul_' |

We can see the "big facts“by looking the plot of the total cross
sections for the photoproduction of neuiral and charged pions from
hydrogen which exhilbit a maximﬁm around-350 Mev fdr the incident
laboratory energy of the ¢ -ray (figure 7).

We want t0'comﬁare Ehotomesgg.production'WItﬁ_EEQUETEEEVVQTIﬁﬁ
and such a comparison should of course be made at thé same total

energy in the C. M. system.
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“total
(103 mb)
200 4
100 4
0 L L) L)
100 150 200 300 400 500 MeV
hv (Ilab)
Incident photon energy in Lab (Mev)
Fig. 7

Then we can show that the laboratory energy of the ¢ -ray (B,)
‘and the kinetic energy of the 7 meson (T_) are connected by

where Tr = m, (l + %) is the threshold energy for photopro-
duction. .

Now 1if we remember that T, ~ 150 Mev we see that photoproduc-
tioﬁ and scattering have the same behavior, the position of the
maxima beling practically the same. This shows that there is a
¢lose relation hetween both processes.
| Let us note that photoproductioﬁ of nt is different ffom °-

photoproduction and this is due to the fact that the incident ¥
| sees the chérge and magnetic moment of the particle} in tﬁe a

case we have an extra term which is described by the diagram in



| Fig. 8.

Figo 8

The connexion between photoproduction and scattering can be

checked in several ways:

o o

1) By comparing the reaction 7+ p—p + 7° with 7° + p>p + 7

Now =° beams are not avallable but using charge independence we
can get the phase shifts and the cross section for the scattering
which we can compare with the first reaction, which can be measured.
This was done in Illinols and comes out that both results are the
same .

Now let us give a simple explanation of why this is so.

We can understand both processes as two step processes in which

the intermediate "state™ is the same:

0O
Y+p Y30 z/p —PFTW

0 o
AR Y5 3 P
where Y3/2 3/2 is a kind of isobar excited state.
We could argue about the physical meaning of this intermediate
"state'" since thé 3/2, 3/2 resonance is very broad, but from the
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point of view of -the model it is convenient to say that the inter-
mediate state exists and that it has a short lifetime.

2 and once it is formed ;t.

_The decay of Y only depends on g
does not depend on the way in which it was formed.

In the present problem the wave length of the O -ray is of the
~ same order than the radius of interaction and so we have no way to
say if the electric or magnetie absorption is dominant. The nuclear
interaction of the isobar decay selects the pole of the ‘?-ray
which is absorbed and turns out to be that the absorption is Ml.

2) Another way of checking the relation between both processes

is to compare their angular distributions.

We have for o+ p — p + 7° a distribution 2 + 3 c:os2 © and for

(o] 2

T + p -7 + P we have practically the same resulty, 1 + 3 cos™ 6.

32) Another way of stablishing a connection between photoprodug

tion and scattering is via the Panofsky ratio.

The.capture of a 7w by proton can led to the reactions
™ +p>n+7° (a)
T +p —n+% (b)
and the Panofsky ratio is defined .by

o(r ™+ pon + 7°)

o(r + p-n + %)
By detailed balance the reaction (b) can be connected with its

inverse (% + n — 1w + p) by

.



=
2
P .
olr™+ p—»n +%) =2(p—°') x PxRx g(yr+ P"n"f'l_r:.*‘)
13 o

where:
oY+ n+p + 1)

R = -
o(ry+p>n+1m)

1.35 : 0,20 and knowing the c¢ross sec~
tions we get P~ 1.5 and actually from direct experiments
P=1.47 % 0.07.

With the value of R

5 = The intermediate region |
Our treatment of the intermediate reglion will begin by seeingbi_

which 1s the general situation about O+ and O - 9 the total
cross section for v+ +p and 7 + p scattering respectively.
The experimental informstion comes from the work of three

groupss namely: Berkeley, MIT and Saclay.

o | (ab)

(o —— e —— S —
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As one can see from Fig. 9, there are two maxima in O at the
energles of (600 ¥ 15) Mev and (890 ¥ 20) Mev. In G+ Wwe
find, appart froﬁ a slight indication of a possible maximum at
about 900 Mev, a broad maximum at (1350 % 100) Mev. In the old
measurements of Piccioni et al. both maxima in o.- at 600 and
900 Mev, appeared as a single broad maximum.

Having in mind the close conexion between scattering and
phptoproduction at low energies; let us see now what happens with
photoproduction at these new energles. The solid curve of Fig.
10 which represents the cross-section for photoproduction of a
no, presents appart from the already studied high peak near 350
Mev, a small waving at higher energies which is not meaningfull
by 1tself. In the photoproduction of a it appears also the ma-
ximum in the low energy region and ; finite'clear peak near 750
Mev.

Remembering that the energy that a photon must have in order

to give the same energy in the center of mass system as a 7 is:
Eq, = lSQ Mev + I

then we see a close relation between the behavior of the cross
sectlon for scattering and for photoproduction also at these ener
gles. In this way, the information given by one of the processes
is used to imposed the knowledge about the other. For example ,
the separation between the peaks at 600 and 900 Mev was not seen
in the earlier expefiments on scattering, but the waving around
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the corresponding energlses in the photoproduction curve was taken

as an indication of some particular behavior, and then the experi
ments on 7 + p scattering were 1mproved and the two peaks clear
1y appéared.

Now, as we did for the low energy resonance, our first task
in the Intermediate region will be to assigne isotopiec spin, angu

lar momentum and parity to each maximum.

5a) Assignement of isotopic s»in

Here the arguments are quite simple and conclusive.

Since the peak in rt o+ p was much bigger than the correspond
Frg peakd in 7~ + p in the low energy Fegiom, and since T + D
1s a pure T = 3/2 gstate of the pion-nucleon system, we assumed
T for that first résonancelto be 3/2. The samelreasoning for
the maximum at 600 Mev gives T = 1/2 and so on. Thus we have the

following assignements of I-spin fﬁr the several maxima:
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15%  paximum T = 3/2
2nd : T o= 1/2
3td " T o= 1/2
ath T = 32

The same c¢onclusions come from photoproduction. In fact: for
the two possible channel for photoproduction: p + 7™ and n + #+,
the probabilities for P = 1/2 and T = 3/2 are given by Clebsch -

Gordon coefficlents:
T= 1l/2 T =3/2
p+ u° - 1/3 V273
n+wt Ver3 V1/3

Then, if we imagine the photoproduction processes as taking place
through the same intermediate state (as we did for low energies)
the ratio between both processes should be given by the ratio of
the corresponding Clebsch-Gordon coefficients. Thus, if the
intermediate state were T = 1/2 it will be:

olr+ p-p + 7°) °
o(v+ p—-n + 1r+)‘ Al 2

and if it were T = 3/2: %

From the two experimental curves of Fig. 10 one concludes that
for each peak one can think of a definite dominant T namely the
ones listed in (5.1). In fact, we find for instance, for the second
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peak at ~ 750 Mev, that the ratio -09/0* is nearly 1/2 which

corresponds to T = 1/2, and a similar situation for the other
peaks.

5b) Assignement of angular momentum.
The first argument comes from the evaluation of the total

cross~sections.
If the most important contribution to the c¢ross section for

scattering comes from only one angular momentum state, we have:

4r
TK Gy T 3 (7 + %) (5.2

Then we can see which is the minimum J which is necessary to

account for the experimehtal value. From these considerations
it turns out to be J » 3/2 for the 2™ paxtmum apd J > 6/2
for the 3rd maximam, B

This is true, we insist, if only one state contributes, and
must be taken only as a first indication of the value of J..

A second, and better argument is given by the analysis of
the angular distributions. There are good experiments in the
case of photoproduction. |

The angular distribution for the photoproduced 7° at about
760 Mev (Fig. 11) is fitted by a polynomial: 3.5 - 2.8 cosZ @,
~which means that the distribution is parabolic and this corre-
sponds to a strong J = 3/2. From the shaps of the curve it
seems that there\is no appreciable contribution of other J states

to the second maximum.
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Moreover, going back to the expression for the total cross-

-section if we put in (5.2) T = 3/2, it rust be o = Opax 1B order to

account for the 43 mb of o__ at 600 Mev. (Fig.9). That means that the

phase shift passes at the peak through 90°. Summarizing, the situ-
ation at the second maximum can be deseribed by a single resonant
state of T = 1/2, J = 3/2.

 Now about the third peak at ~ 900 Mev., we have quite good
information about the angular distribution for elastic scattering

T +p at 915 Mev. (Fig. 12). 4

) ")
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Fig. 12 - Corrected angtxlar distribubim with the sixth degree least aqua.re
fit curve.
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' Because of the presence of the very big forward peak, the

elastic scattering at this energy is assumed to be just the shadow

of the inelastic process. It has also a noticeable backward peak

attributable to spin flip. The curve is fitted by a polynomial of

sth degree. It is not easy to decide which is the dominant J neceg
sary to account for that behaviour, but evidently one needs the

presence of an f wave, that is of a J = 5/2 state.

5¢) Assignement of parity

As we have finished to see, it is rather easy to assigne a
definite lsotopic spin and angular momentum to the maxima in the
cross-section in the intermediate region in particular to the sec-

ond resonance at 600 Mev,

Let's go now tol the assignement of parity which is
a mich more d1fficult problem. We concluded that a
single resonant state in J = 3/2 could account for
both the wvalue of the total cross section and the angu-
lar distribution at the second resonance. But the problem

to be solved next 1is to know whether the state is P;/a

or DE/Z.

We will.go again to the data arising from photoproduction
processes. One can imagine that within 0 .and 700 Mev both the
photoproduction of w+ and v° are dominated by two states: the

3/2P+3/2 which would account for the big first resonance, and the
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‘unknown state whiCh“wé;éan call B, thaf will be responsable for fhé:

' second resonanca, and about whieh we have to decide whether it is
p*_ -
3/2 or D.3/2, In that casa, ona cap write for the cross-sections

for photoproduction of r and w
TR S, 3 -2

o®a| by A3z + b, Bl |5 (5.4)

where A stands for P;/Z‘ In the case of o we had to add the term
C which is responsable for the electromagnetic interaction between

the charged pion and the photon through El absorption, thus a term
1]1 S-W&'Ve v .

By squaring (5.3) and (5.4) we get:

[ . «Re A *B
o | 81412+ 4 (81241012 + oRe B.C
S ; . ' "aRe A'C

. .'r , _ . - . .
] ' 2 24 *
P _L% | Al +§ [_B. + ’{dRe A'B} ]

Two solutions have been proposed for B, non of which have

strong theoretical support, neither agreement with experiments is

- clear cut.

Cne proposal comes from Pelerls and Sakural, who assumed B
to be ﬁ;)a. The simplest to be discussed is the expression for

o® because of the absence of the term Cy but, as in the energy
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region considered here A and C are small, the analysis of ot turns
out to be also easy. Let us remember that in this energy region

the ratio between the total cross-sections is:
o"'/c,o = 2.

Thus, assuming 2 [_AI2 = ]CIg one can account for the observed ratio
between both cross-sections. But also if we assume A and C to be
negligibly small, the former ratio is again accounted for. What
onecan conclude from this is that C must be more iﬁportant than A.

Next thing one can do is to neglect the interference term in
(AC) which giveé g small and nearly cpnstght cqntriﬁutiog.over this

region.

About the interference (BC) if B and C had opposite parities,
this would mean a change in sign in the interference when passing
through the maximum at 600 Mev. It has not been cbserved any éuch
a change, thus indicating that B has the same parity as Cs,‘namely
negative parity. Therefore A and B have Opposite'parities and the
interference (AB) should be present in both angular distributions.
But its effect has not been detected 1n the experiments performed
over all the energy reglon we are c0nsidering. Thus one must con

clude that A and B must be 90° out of phase.

Peierls tried to justify this conclusion in the following,
way: the cross éection for wolphotoproductionfgan be resolved
into the two peaks shown in Fig. 13. We know that A contributes
predominantly to the first maximum and that for_thé.energy of the
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:'resonance the phase 1s exacf.l} 90".. Since at this same energy,
A - . the contribution of B is
: A . negligibly small, its own
B phase should be «~ 0°. Going
towards the energy of the seg
ond resonance 633 tends to

180° while the phase of B

v - : - must rise reaching 90° at
%50 750 - Eq[HeV]
| Pig. 13 | 750 Mev., at_ which energy
we thus find again both phases differing in 90°.

If the argument 1is good, then an 1mmediate consequence
follows: there must be a region in which |A|Z and IB|Z are compa
"
rable and if in that regilon we have Re (AB ) = 0 then

*
Im (4B") ~ |al% ~ |B|Z .

But the expression giving the polarization of the final proton in

Q'-l-p—r-'n'o+p is:

%
4 Im (AB ) sin ©

P (8gyg)

(1al2 + |B]%) (1 + 3 sin® @ + ...)
which, in the case consldered ahove, will give:

4 sin ©
2+3sin® 0 + ...

and this would mean an 80f of polarization over a wide region around
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' 90°. Therefore, the analysis of the polarization of the recoil
proton would permit to check the model provided of course one
believes in the arguments.

Experiments have been performed to analyse polarization, in |

O+p

which the proton going out from the reaction r + p —rn
was made to collide agaln against carbon (which is a good analyser
for polarization) observing left to right asymwetry of the out-
going ﬁrotons (Fig. 14). The results of the experiments performed
by Stern at Cornellare listed in table I. |

We saild, based on the very

nalve argumenté given above,

C ; : that one should expect about
e - 0.8 for polarization around
f\:zfﬂf\fxfﬁd, 1?’/ | - 760 Mev. Thus, the fact of
, \ N
\ finding.a large degree of
\ 7° _
polarization is a strong
Fig, 14 - indication in favour of the

model. But next thing is to see whether the same results would

nct be accounted for by other asslgnements of parity to the state 3.

TABLE I

Stern Peierls Sakurai Wilson Stoppini
B assumin§ (assuming P+
(experimental) contrib ion?  contribution
550 "0_.30 t 0012 . I . . -:oo » )
_ S _— _ 0.3
70(} C l59 — 0.07 . 0.8 . ’ - '] 0'45
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”ﬂi;son'and-Stoppini tfiéﬁ to see if P;}Z would give the same result
’#i%ﬁvfégard”to polarization. They calculated the values listed in
the third column of Table I,I which alsé give a nearly good agree
mént wilth the expefimental data.

Therefore, all one can conclude from the above analysis 1s
that the assignement of parity to the second resonance 1s a very
difficult task and is about a matter of believing in some argu-
ments, most of which are merely guesses, since no theory has yet

been developed in this energy reglon.

Another thing one can try then, is to lock into the possibi-
i“litj_df extending to the intermediate reglon the procedures of the

- better known low energy theory.

This theory gives in a natural way, p and s waves (correspond
ing to the diagrams a) and b) of Fig. 15) through M, and E, absorp

tion respectively. D waves must be looked for only in higher order

Figo 15
terms in which the photon can interast with a recoil nucleon (in
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fact it interacts withzthe-nucieonic current). But there are~two

difficulties: 1) in the conventional theory those contributions.
turn out to be small. 2) the nucleonic current is present ogly
in the photoproduction of 7°. The experiments on the contrary
show that photoproduction of at is dominant at these energies.
This is not a very strong argument, because of the extrapolation
into this energy reglon of procedures which are valid only in the
low energy region, but it is the only thing with which we can
play. So, looking from this point of view, the assignement of

_ P;/2 will appear as more natural. Besides, there is nothing in
contrary to assume.that <!l3 1s increasing in the high energy

region.

On the contrary, a very simple origin for a strong d
wave can be found if we imagine that the interaction proceeds
through a w7 r bloeck 1like that shown in Fig. 16, because in this
case the proton can interact with the =7 current and one can find
all the poles one likes.
A diagram of this kind
(Fig. 17) is important
for a discussion of the

electromagnetic structure

of the nucleons. Furthermore,

a similar diagram works
Pig. 16

also for +the double produg

tion (Fig. 18). Therefore, this way of attack seems very promis-
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Fig. 17 Fig. 18

ing although not yet quantitative calculations have been carried

out.

Lastly we will see in the forthcomming lectures, that a D3/2
wave comes out in a very simple way in the isobar model for 2 7w

production. So, despite of the lack of theory it seems that D3/2
would be a good channel.

One of the main difficulties of the intermediate region is
the existence of an inelastic part in all the processes. There
is a collection of experiments where they have tried to determine
which 1s the contribution to the cross section of the inelastie
part.

One could draw a curve such as the dotted curve indicated
on Fig. 195 in which case the waving in the total cross section
should be attributed 4o the behaviour of the elastic process .
But of course one could also take into account the oscilations
in the values of O 4ne1, and then the behaviour of the elastic

part should be considered as more regular. Eventhough no defi-
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ﬁite conclusion can be extrated, the first possibility seems to

be more reliable if one observes also Fig. 20.
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As we have mentloned in the last lecture we have two kinds

.of lsobar mode

isobar model.

181

the nucleonic isobar model and the pionic
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‘In this lecture we shall deal with the first one and after
we will tomch 'in the second model.

The nuciednic isobar model is an attempt to describe some
phenomena in the intermedlate reglon without introducing any new

concept, l.e.susing only concepts of the low energy.

In intermediate region we can have the reactions

o

T+ N—{ K+2r Y+ N—> { N+2r
' 'N+3‘n' etc. N + 37 ete.

and others produéing strange particles that are very much less

frequent.

The double plon production by both » or < is very rich,
the reactions being of the same order of magnlitude than w+N->w+N
and 7 +F —m+F (scattering and single photoproduction) respective
ly. '

The abundance of double pion production is very peculiar and

it 1s difficult to understand it in terms of say, "statistical
theory" and go it needs a speclal explanation.

Note that the teérminolegy "dowdble w production® for the
reactions w+N — N+Zr and Y+ — N+2n Is measleading since
only in the second case we have the production of 2 pions; in the

former case we have the production of only 1 extra pion.

Let us now see some numbers that_give the relative importance



of the processes involved.

Take for instance the =~ + p case at 960 Mev.

Then we have the following table:

elastlic scattering (1w) avvcvee.... 404
“double® production (27} +..oue.... 34%
tepiple™ production (B7) eveeneeees 6%
all neutrals (1r°, an°, %) vivee. 17%

strange particles production ...... 2%

We have analagous data for photomeson production and this'

gives us an idea of the branching ratios in the 1 Bev regilon.

As far as mesonproduction is concerned,

following reactions:

elastie: w +p — 7w + P

N n+w
am: T +p> { o
P+
SR
3 T +pw (DT
n + w°
n+ 7°
]
all neutrals: =7 +p— {n+ 7°
n+7°

+

+

kia
w’

+ -
r o+
w + 7°
T o+
7°
wo + ro

T + p can give the

(a)
(b)
(e)
(da)
{e)
(£)

(g)
(h)
(1), etc.

All these process can be distinguished by kinematical consl

derations, with exception of the 1as£ group.
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In fact the mentioned experiment on v~ + p interaction at
960 Mev. was performed with an hydrogen buble chamber exposed
within a magnetic field.

The fact that the chamber contains only protons, permits one
to know that all the interactions will be produced in elementary
r - p collisions. In addition to this, one is able to determine
with a good accuracy the momenta of the charged particles, by
means of the curvatures of their tracks in the magnetic field.

In the reactlons listed above, with exception of the last
three, what one sees in the photographs 1s one of the tracks of
the beam stopping at one point from which secondary tracks emefge.
For instance in (a), (b) and (e¢) one sees two secondary tracks
(Fig. 21). Ome knows already that the negative particle, that
is the one which has the
curvature in the same sense
as the incomming 7 1s

again aw .

Analizing the above
listed reactions, one sees
that the positive can be
Fig. 21 - elther a p ora r . Now
the curvature of a track depends only of the momen tum of the
particle and then magnetic field cannot decide about the nature
of the particle. But particles with the same momenta and differ-
ent masses ionize differently and so the analysis of the ioniza-
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~ tion of the positive particle indicates in most cases whether it

+
is a 7w or a p.

Next step is to perform a balance of energy and momentum in
order to get the mass of the neutral particle; this is done on
the basis of the measured momenta of the charged secondaries, the
known momentum of the incomming w and the knowledge of the mass

of the secondarles.

If the event 1s elastic, what comes out from the balance is
that there is no neutral particle and this situation can also
be checked by means of the analysis of coplanarity and angulaf

correlation.

When the event is one of cases b) or ¢) the neutral mass
turns out to be, within the errors of the measured momenta, that

C respectively. When in trying to adjust

of a neutron or of aw
the neutral mass to a single particle, one has to go to twice
or more times the experimental errors in the momenta in order to

get the mass of a 7°

or a neutron, then according to the hature
of the positive one knows that it is dealing with one of cases

e) or f).

Of course case d) 1s the most adequate to analize the feature
of double production since there one is able to measure the mo-~

menta of all the secondaries.

Therefore the kinematical analysis of the registred events,
permits a clear identification of the case one 1s dealing with.

Let us see the thresholds for meson production in the = + p
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case. We have the following table in which we take m, = 138 Mev,

and all energles are in Mev ;

2w Zr ar S 6
Tﬂlab' 190 %90 590 810 1050
Eq}ab° 240 520 740 960 1200
We u. M2 p M43, M+dp M+Sp M+6p

WC.H. is the total energy of the system in C.M.

let us note that 190 Mev 1s just the energy for the (3/2,
3/2) resonances; 590 Mev 1s the energy for the (1/2, 3/2) and
the third resonance happens between 810 and 1050 Mev ...

About the explanation of these pion process we can say that
the "statistical theory" does not work. The 2r process is not
a regular process, showing a cross section that increases from
400 to 600 Mev and then it is of the same order than scattering.
This fact cannot be explained by any proposed theory.

éa) The igobar model

The "nucleonic 1sobar model" is an attempt to understand
double pair production without introducing any new concept and
dealing only with a well known phenomena "the big (3/2 3/2)

resonancel,

actually Bis TIrst applicatIon was 1n the explandtion of
pion production in p - p and p = n collision but it seems that

the most clear discussion can be followed in 7 production from
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N collision.

Let us describe the reaction 7w + p — 7 + r+ +n 1in terms
of the "nucleon isobar model® in order to see how it works. Es=-
sentially we have Bohrts idea of intermediate excited state which
after a short time decays. We describe the process by:

T+ p-—an +Y — 7 +7 4n

The nucleon is initialy in the proton state (groﬁnd state)
described by (T = 1/2, J = 1/2+) and then goee to’tﬁb excitede
state (T = 3/2, J = 3/2%) which has a short lifetime and then
decays into 7 + n, i.e., by emission of one pion it backs to

the ground (nucleon) state.

The model assumes as quantum numbers forethié excited ¥
state the characteristic numbers of the "big (3/2, 3{2)3re50nénce".
In the model Y is a definite object and the first part of the’
reaction is a true two body problemj we have a”reel.tfahsition

from the point of view of the strong interactiohs}

Nowadays we are not able to see the isobar because 1ts life
time is too shori (-~ 10 225) but perhaps in future we will be
able to produce 1t at suficient high velocity and_then we.could

obgerve 1t.

S0 we are in front of a clear cut model where ¥ is 8 perticle

and the ISt part of the reactlion is a true two body problem.
In general we would have the two step reaction ,

T+N>r+Y—nw+7+N
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which we represent by the dlagram in Fig. 22.

Filg. 22

Let us see the others assumptions.

15% part) is a two body process

a) As we said the process (
and we have an statistical factor which we call P = F (Wc M, Wy )

depending on the mass of the isobar.

2 2
This statistical factor i ocr—l———yp 3Py P

8 staLls ca acLeor 1ls =
aE, ¥ dE, v, vy

Since the lifetime of Y is so short, its mass is not well
defined and so there must be a number which gives the probability
that ¥ 1s formed with a certain mass. We call this nnmber cr(m )
and the probability of" the process depend on it. So the total

crosg section 1s proportional to

Wc-u
|~ P ) otay) an,
M+p
b) The model assumes that 0’(my) o o(wr+p) i.e. to the
scattering cross section in the (3/2, 3/2) state.
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Through the form of the curve _U(nép) we see that Y would

not be formed unless we have nearly 190 Mev. So the reguired

ensrgy for the double pion production would have a mass term

~ M+34 to gilve the mass of the w and Y (my = M+p+190 Hbevk+2p)

and a kinetic energy term for things to go out. Taking this

equal to p we would have M + 4p for the total energy of the

system and this implies about 600 Mev for the pion incident

energy which 1s just the position of the second resonance.

- It 1is clear that owing to the fact that Y is a P+3/2 we have
the following avallable states for the reaction:

a) If the relative angular momentum of Y and r is S~ the
total final angular momentum reduces to the spin of the isobar
and then the only possible entrance channel is D'3/2,

This is ilustrated in the following way (Fig. 23).

Isp= ¥ | |
- 2=0 ,.
© 3= 3/2 . Jg= 3/2
'l 2= 2 Sy = 3/2
initial system (mwp) 1n'Dg/Z. final system (¥w) Tn'sé}z‘
(a) (b)

- Flg. 23
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b) 1if the relative angular momentum bf Y and 7 is P* then
we have the entrance éhanﬁéiéfﬁ+1)2,'P+3/za F+5/2.
c) if we have D~ for the final system then-we.would have
the possibilities 8;,,; | 95/2’ Dg/21 Go/p for the initial state

and so on.

As we said in last lecture 1). D'3/2 would be important for
the an resonance (“'600 Mev) and 2) F+5/2 would be important in
the 3rd resonance (P waves may be not important in this energy

range).

The isobar model makes a quite definite prediction for the

energy spectrum of the produced pions. We write again
T+ H-q-re + I-ﬂrné + N + L

we see that the "extra »" momentum is dominated by mY and as we

have a two body problem this momentum is well defined. The spec-

where 7, means "extra-v" and m; means "decay 7" (Y—N + mq). Now

trum of the "decay-r" 1s dominated by vy and will be symmetrical
in the rest system of Y.

We give in Fig. 24 the predicted momentum distribution of
both pilons for 960 Mev incident of 7~ in the reaction

- + -
T +p—7 47T +n

The "extra-m" ("decay-m") can be the m" or »~ and this we

ilustrate in Figs. 25 and 26.
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Fig. 24
In the first case the extra-ar is 7 and in the second graph

is n .

Fig. 25 Flg. 26

Now we show (Fig. 27) the experiméntal result for the -
momentum distribution (C.M.S.) together with the theoretical
eurves of the isobar .and statietical theory-

This shows that the isobar model can fit the experiment,
showing that from both final pions, "extra-m" is mainly = . Then
the final v would be mainly the "decayén“'and this_ie can check
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looking the v -momentum distribution (Fig. 28) below.
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We can now to point out one attempt to measure the spin of
Y by using Adair argument applied for the determination of the
spin of A . (See chapter 9). The value 3/2 for the spin of Y
seems the correct one,_but we cannot eliminate the possibility

1/2. (Sae'Alles-Borelli et al. - N.Cim. 14, 211, 1959).
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Let us now try to obtain the branching ratios between the
different channels for production of one pion within the fraié—
work of the isobar model. ILet us consider for sake of simplici

ty the case:
T +p — ptaw +1° a)

+ +
— nD+T +7 b)

since we are dealing in this case with only one 1sotopie spin
state, namely the T = 3/2 state.

The possible intermediate states for those reactions are:

w+ +~p-‘~*‘w° + Y++-——+ #o + (r+ + p) &)
7 AP T+ Y . 2t 4 (4 p) b) (6.0)
trp o wt ey L e+ ) e)

The wave function for the system can be written in terms
of the third component of I-spin, in the following way:

w2 o Ve
where ?gz and ng are the wave function of the isobar and
of the extra pion respectively and ¢y the corresponding Clehsch
Gordaon coéfficients. DBut the wave runction of the isobar can
be written also in terms of the wave functions of its decay

products:
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3/2 S ¢ '
2 e oy -2
B2 = oy 1y X372 * %M1 L2 (6.3)

being P, % and X,7 % the wave functions of the decay
and of the mmecleon respectively andlagain the Cts the adequéte
Clebsch Gordon coefficients. Therefbra, replacing (6.2) and
(6.3) into (6.1), and squaring the resulting expression, we
can obtaln the following expressions for the spectra of the
differently charged pions:

+ —
I(r') = -g I+ T
Oy .
L(r) = 145— g- I,
L) = £ (I, + 1)

where Id and Ie stand for decay and extra pion spectrum
respectively. Now, suming up the two channels of reaction a)
and comparing with b), we get the value of the branching ratio:

(" + pox + 7% + p)

3
x ¥ .+ = - F 645
(r + p>»w + 17 + n) 2
Unfortunately, there are not enough experimental results regard

ing nt o+ p reactlons, as to check this clear prediction of
the model.
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There are on the contrary good experiments on = +'pf |
scattering which can provide the possibility of checking, oniy
that the situation is not so clear-out as in the former case,
since now one has a mixture of T = 3/2 and T = 1/2 states.
Because of these two possible channels one must analyse this
reaction in terms of two parameters:

o_in

p= —an and

2¢
' _ /2 _
0_1n in :
- -
where 3/2 and 1/2 are the cross sections for production
of one pion for the states T = 3/2 and T = 1/2 respectively
and ¥ 1is the phase difference between the matrix elements

for one pion production in the T = 3/2 and T = /2 states.

0f course 1f there were good experimental information on
in ' in ' _
63/2 and 01/2 sy £ would not be any more a parameter, but

this is not the case.

With an adequate choise of the values of £ and ¥, one
gets consistency between the experimental results on branching
ratios and the predictions of the model and as we have already
seen, one can account in a quite satisfatory way for the momen-
tum distribution of the pions. Thils last turngs out te be the
hest check of the, model and, the clean eut predictions on this
point are a consequence of the strong selection of the energles

of the extra pion, due to the formation of the isobar.
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b)

Up to now we have been dealing with the cross-sections for
plon production in the different states between the possible
charge states of the intermediate 1sobar. This implles the
possibility to observe the isobar so as to be able to decide
which is its charge state. But thls is not the astual situation
due to the very short lifetime of the isobar and what one observes

is a certain final state which can be produced through different

intermedlate states.

Nevertheless it is possible to develope an isobar model
introducing the amplitudes for the different channels instead
of the cross-sectlons, and by thils way take into account the
interferences between those channels.

The advantages of such a procedure would be: a) one is
able to theoretically justify the amplitudes one is introducing.;
b) it is possible to derive the isobar model as presented by
Lindenbaum and Sternheimer, and establish quite well which are

the terms one is neglecting in such particdiar model.

*
Recently Stanghelini et al developed that idea. They

considered in particular the process

+ +
T + p —> w + 0 + jo)

* Bergia, Bonsignori and Stanghelini - N. Cim. in press.
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for which, in the C.M.S. one has the situations described in

Fig. 29, a) and b) for the initial and final states respective
1ly.

/p
\,,
a) b)
Fig. 29

One does not know anything about the mechanism through
which the final particles have been produced, but only that
there are two pions and a proton, with momenta q', q%" and p!
respectively, and that there is a strong iateraction between
the proton and the pions in the 3/2 3/2 state, thus being

likely that the proton and one of the pions emerge in a bound
state characterized by the mentioned values of J and T.

' Therefore, the process will be described by the diagram
of Fig. 30, and the scattering amplitude can be written:

T T~R (B, 6,9 %(n) (6.4)
AN -7 where R (Ej ’9 »P) repre-
sents the unknown process
through which the final
particles appear (which

could involve for example

Fig. 30 a 7w interaction); E,
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the total energy in the C.M.S.; ©(m) the amplitude for the
production .of .tsob#r with total energy m in thezc.H.S. This
Y (m) 1s closely connected with the amplitude for # - p elastie
scattering in the 3/2 3/2 state, thus would inv'o;v,e the cross
section for o+ p scattering at the energy m 1in the C.M.S.
besldes a phase space factor also depending on m. From an ap-
proximate solution of dispersion ielations y one gets for the

amplitude of the elastic channel in S p scattering:

1 ™ (m)
is -

where [ (m) 1s the width of the resonance, m the total energy
of the (7 p) system in their C.M.S., m, & parameter and g the
pion momentum. Expression (6.5) 1s the solution of the Feynman
graph of Fig.31 carresponding to the whole scattering process, where
each identical vertex contributes with a \/ [ (m) and the
propagator with the denomi-
nator [(m-ml) - 1|‘(m),g,] .
N y For the - production process
N\ Y 4 represented in Fig. 30, the
contribution of the left
P hand side vertex 1s involved
in. the unknown factar
R (E, 9 Y). After that vertex
Fig. 31 . a propagator appears, and then
the second vertex, . which 1is identical to those appearing



in the diagram for elastic scattering of Fig. 3l. Therefore,
the amplitude for prpductienfcan be written:

V M (m)

(m—ml) -1 [ (m) q

z

= R (Eo,e,‘f’) (6.6)

prod.

Further more, once the two pions and the proton are created

in the unknown step of the process, we do not know which is

the plon which is actually interacting with the proton, since
the sharpe state of the isobar i1s not observable. Due to tﬁe
fact that the momenta of the pions will be in general different
the corresponding masses of the two possible isobars will be
also different and in order to copsider both possibilities, we
have to add a similar term in (6.6). Therefore, the total
production amplitude will be given by:

[ (m) : T (m)
+
(m-ml) - 1 (m) q '(m'-ml) -1 (m?) q

R (Eo’e,tg). (6.7)

By squaring (6.7) we obtain the cross-section for prodﬁc-
tion which will thus contain interference terms accounting for
the two possible i1sobars which glve an 1dentical final state,
namely Y (#°, p) and Y++ (r+, p) of a). in (6.09).

If one meglects the Interference terms when squaring (6.7),
cne obtains for the cross-section the same expressions than

Lindenbaumr and Sternhéimer.



Figs. 32 and 33 represent the predigtgd spectra for 7° and
v+ resﬁéotively,'from the reaction v+ 4“5-—;v+ + 720 + p as
compared with the corresponding spectra calculated with the

Lindenbaum and Sternheimer model and with the statistical theory.

In both figures one can readily see that the interference
terms enphasise the separation between the peaks corresponding
to the extra -m and decay -w.

o

b ﬂ'q—,, } %&
A: with interference N £} :
B: without interference : _ _ A

C: statistical

?ig. 32 Fig. 33

For the case of ¥ + p reaction, Figs. 34 apd 35 show
about the same situation for the w  and w spectra from reac-

- . - + -
tion r + p—smwm +W 40 .

t do . "%
dag ; A g

‘4
T

100 200 300 400~~q,;|lie‘f7°l

Figo 24 Figo 35



The agreement with the experimental sitnation (See Figs. 27
and 28) s slightly dmproved.

We can conclude that taking into account the interference,
there is a tendency to magnify the qualitative feactures of the
isobar ﬁodel and this is perhaps the reason for its good agree-
ment with the experiment, despite of the fact that it probadbly
does not represent the whole actual situation.

6c) The w-m interaction

There have been lastly some indications about the possibili
ty of a strong w-7 interaction. They are not very relevant
but we believe that in a near future new experiments will provide

more evidence on that subject.

The hypothesis of w-r Iinteraction based on a very naive
ideay namely that all the particles taking part in stfbng inter-
actionsy interact strongly with each other. We know already that
there is a strong‘interaction between »-N, K~-N and N-N.
Then in Fig. 36 we can imagine than all the other boxes, will be

K Y
N7 7
LEN S ;K\

a
XX X | =




58

also filled up, and let us begin by putting some mark in the
first box.

About w-w interaction, the experimental features which
can give a first indidation on it appear in some high energy
phenomena. They are the following: 1) the levelling off (see
fig. 9) towards about 30 mb of the total cross sections for
7" +p and 7 +p scattering from 2 Bev upwards. If we
imagine the nucleon as a black sphere its geometrical cross
section will bde vﬁz, where, in order to account for the 30 mb,
R must be of the order of the Compton wave length of the
T (ﬁ.cuﬂ?l fermi) which is much greater then the Compton wave
length of the nucleon Aeyg ( 0.2 fermions). This fact 1gdicatgs
that the incoming pion, would collide mainly with the nucleon
cloud. Within the cloud one finds 7, K and Y, so that the
cross section for the interaction of a pion with a nucleon, must
be built up by the cross sections of the pion with pions, kaons
and hyperons. 2) The angular distribution of elastically
scattered pions by nucleons at energies arocund 1 Bev.,. presents
the: already mentioned ‘big forward peak (Fig. 12) which is inter-
preted as diffraction scattering. Therefore, from that forward
peak one is able to estimate the radius of the object which
absorbes part of the incoming wave packet giving rise to the
diffraction. By this means one finds again for RNXCW.

Row, from all the particles which are present in the nmucleon

cloud, the pion is the one which is able to go to the largest



59
distances because of its lower mass, so that the probability‘cf
'a collision between an incoming pion with a pion is greater than
the probability to collide with the other particles for large
impact parameters, i.e. for large energies. Furthermore from
the knowledge of the nucleonic structure, that is, of the charge
and magnetic moment distributions, an estimate can be done of
the number of pions in the nucleon cloud and that number turp
out to be ~ 1. Thus, in order to account for a cross secti;n

of ~ 30 mb, the w w interaction should be very strdﬁg.

There are also other facts indicating the existance of a
v w interaction, such as for instance, the possibility of a
better understanding of the low energy behaviour of the v N |
scattering by means of the introductlon of such 7 r interaction.
Alse the production of pions in = N Iinteractions could be ’
interpreted by diagrams taking into account a w 7w interaction.

All these are merely indications, and not strong evidences.

One should look then for a sultable experiment to give the
cleanest information about that process. Actually few pheﬁomena
are able to give a clear answer. The 1deal would be of cour%e

to analyse direct w m scattering, performing the experimén?

by means of an arrangement as indicated in Fig. 37, taking the
pion beams produced in two accelerators and making them to
collide in the vacuum, but up to now there 1s not enough intensi
ty in the available accelerafors. More feasible than the former,
yet s$t11l technically difficunlt to be performed, 1s the electro-
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magnetic production of pions in the collision between two elec~
trons. The experiment woul be able to discover a resonance in
the w v I1interaction because if
that resonance would exist, the
cross-section for the production
of plons should show the same

resonance.

Due to the practical difficulties
_ _ of these experiments, one is
Fig. 37 obliged to think of less clean,
but still reiiab].e situations, such as the photoproduction of
pions on nuclel, where one can select events in order to use
electromagnetic field of the nucleus outside the radius of the
nuclear force (Fig. 38) so that
the production would not be com-
plicated by the strong interaction
between the plons and the nucleons
in the final state. For that aim,

one should select evénts with very low
momentum transfer to the nucleus.

Fig. 38 Thus, if K 1is the energy of the
incoming photon, w the total energy of the two pions in the cms.
and € the energy of the emltted photon, since enumgfzx in

order to go outside the radius of the nucleus, one needs:

K > 600 Mev. a3,
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One can be sure that one is dealing with this kind of phenomena,
by looking to the double dependence with respect to A and Z.)

Ferretti snggéstad also an experiment which coﬁld_be pér-
formed now at CERN, on the production of three pions in the
collision of w on nuclel (Fig. 39). The pions would present a
peculiar angular distribution due to the amall momentum transfer

by the electromagnetic
f1eld of the nucleus.

None of these experiment
have been performed up to
now and the only practical
possibility is to try to
extract some information

rfom pion production in

v -N interaction, assuming the process as a result of the
collision between the incoming pion with & virtual pion of tie
nucleon cloud. The corresponding diagrams for such a proceas
should be that of Fig., 40 a), the box involving the 7 7 cross-
-section, but there is also the possibility of a final state

- 2
b,

s)

-
”~
i \
\\

I \ /’

I N\ 7
. \\y/
b)
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7 =N interaction, as indicated in Fig. 40 b). Let us assume

for the time being that the final state interaction is wn-
important so we have merely the first graph.

But we already saw that the process: w+N—2r+XN is
well interpreted by the isobar model, so one is tempted to say
why to look for another model ? But if there is a clear indi
cation of the presence of the nucleonic isobar Y due to the
strong interaction between m and N, one is obliged not to
neglect the possibility of the existence of a pionic isobar I
if there is the suspiction of a strong m v interaction.
This I1r would be favoured in cages of low energy transfer to
the nucleon, while Y would be more likely formed for large

mcementum transfer.

Let us see now how is it possible to get information on
7T 7 Iinteraction from the analysis of w N collisions. Chew
and Low were the first who put in evidence the existence of a
pole in the scattering amplitude in a diagram such as that of
Fig. 26 a). Suppose for a moment that the two pions were produced
in a nearly bound state, i.e. as an object of total mass w and
momentum p,; as & result of a strong interaction between those
pions in a certaln definite value of their total energy in its
CsleSey angular momeﬁtum J and parity P. Thus one 1s thinking
of fhHe fﬁb-bibns gq}hg ags a single particle with momentum Pz
and energy cw s and in consequence we are reducing the diagram

to one for four particles (Fig. 41). The dispersion relations
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fheory has been able to give, in a few cases, the poles appearing

in graphbs of four particles; and from there, one can generalize

Fig. 41

the way of obtaining the poles in the scattering amplitude.
Consider any pair of particles, such as for example 1 an@ 33
1f those particles can be thought in a state for which the

quantum numbers are the same than those of a physical particle,

there is a pole in the scattering amplitude. Therefore if 1
and 3 are a m and a N respectively the system formed by thelmi
can be In a state of T = 1/2, J =1/2, P =+ 1, but those
quantum numbers correspond to a physical nucleon. Thus the
scattering amplitude should present a pole in the energy.

In the described situation there must be a pole for the
T 7 scattering amplitude when one looks the diagram of Fig.
26 a) from the top, the pole being given by a pion. Now,
going bdck tb_thé notation of Fig. 26 a), one can define the
following quantities: |

t
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P
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- If we look the diagram from tha left, 33 i1s the total energy
in the c.m.s. where the momentum of 1 and a are opposite; 1n the
same situation, 84 represents the momentum transfer. If we now
look the diagram from the top, 84 is this time the total energy
in the c.m.s. and in the variable 8, we will have a pole when

the specifications of the chanpnel through its quantum numbers,
coincides with the specification of a pion. Let us calculate

$1 in the laboratory system where, in the initial state we have
an incoming pion colliding with a nucleon at rest, so that

By = M (M = mass of the nucleon) and p, = 0. In the final state,

one has for the nuecleon:

e

pb=§‘ 5Eb= pz"'nz

Thus:

, 2
31=(UHZ'+1’2‘.“) A R R R R

We already sald that the pole will appear for a w, so that

: _ - w2
but in a non relativistic approximation: 2M Tlab = p2 so that
the pole will be at pz = - 92 . In consequence the pole will

be in the unphysical region for the energy, otherwise it
wonld not be a stable particle.

In order to extract the evidence of a 7w w interaction from

an experiment on production of pions in 7 KN colliisionsy one
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should then represent the differential cross section with respect

to pz, assuming w to be constant, and extrapolate the resulting

curve from the positive values of pz inte the unphysical region
as 1s roughly indicated in Fig. 42, the ordinate at p> = - B2
depending on the strenght of the w7 7 1interaction.  The relia-
bility of the extrapolation depends on the goodness of the fit
to the experimental data. But from the experiment what one gets
directly 1s not do (pa)/_'dpa
but bzc(pz, u?)/wzapz .
Where « 1s the total energy
of all the final state parti

n(p2) 4

cles except the recoil nucleon

2 in their c.m. system. There
- fore the first step will be
/J//// t0 analyse a two diménsional
representation of the cross-
Fig. 42 -section. Both variables
2 2

P° and o~ have limitations, because they depend on the total
energy of the system, thus the points representing each event
should be contained within a certain region, as 1t turns out:to
be In Fig. 44 and 45«

Now, 1f the process were dominated by a strong w w intei-
action, what one should see 1s a clustering of the poinst arcund

a defined value of w”, such as indicated in Fig. 43.

In this case, the one dimensional graph (n (p?));cauld be
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construeted and the extrapoclation into negative values of p2

could be performed. This is
‘ # not tha actual experimental
e situation; since the graph
dont present such a clustering
%}hdvg:,, but a rather uniform distribu
tion of the points.

Bonsignori and Selleri (N.Cim.
p? XV, 465, 1960) analysed in
Fig. 43 this w&y the results of the

Y

already mentioned éxperiment performed at Bologna on 7 + p
interactions at 960 Mev (Figs. 44 and 45) where no indication
of a strong 7 7 ilnteraction can be extracted from any of the

_ =~ -
wz - . (.,2 --. . PPy ‘_“r.'
f,:..':.-'._ ’ g gl vy R . .
st 1 L . : Y
i el
] I Lo
L L - . - -..o Tees
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* . . - '
0 50 pz 0 3] pz
]
Fig. 44 - Flg. 45

two dimengional graphs. Then they tried to elaborate a little
more the results, assuming that the only important diagram
describing the process is that of Fig. 46. This means that the
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fundamental process is'onélof elastic 7 v scattering. The matrix
) -

-~ element for such a process have
- Q T been calculated by Chew and Low,
{ obtalning, after integration over
A a1l variables but p° and o,
o/
Pig.46
2
020 — :—2—& o (QJ) q] (w) p /].I-Z

form which 1s valid only when the square of the four momentum of
the spectator nucleon approaches the unphysical limit - Pa.

Bonsignorli and Selleri took the expression of Chew and Low

as valid also for physical values of pa

the value pa = - HZ vhere 1t holds exactly is not too far from

s with the argument that

the physical zone.

Then, as it 1is impossible to select the approplate u@ from

the two dimensional graphs, they integrated the expression with
respect tow, neglecting the terms containing any contribution
coming from diagrams different from that of Fig. 40 a). This
procedure has been objected because'two things can happen.

1) That there 1s no résonance in oy, in which caée one is
quite safe Integrating over w ; 2) that there is a resonance
in which case by taking an average over a large interval, one

is spreading out the information.



68

Nevertheless, in order to check their model, Bonsignori and
Selleri applied the same criteria to anothef kind of piocess,
namely N+ N — 7w + N+ N, Here one has a diagram as indi-

cated in Pig. 47, where now the
palr (2,3) will be a & and a K

1 . i in the strongly resonant 3/2, 3/2
g I ey 233 : _
f state. Then 1f we treat this
/
a ! b cage In the game way as we did
| for the graph of Pig. 40 a) we
will obtain:
Flg. 47
1 o —_—
;Z apa > qu

but now, ome has the way of checking the goodness of the model,

since both fa and o, are well known from the experiments.

P
Considering again the case of 7w production in 7  + p
colllisions,; one important point i1s the cholce of the process
which is more likely to give the features of the = w.inter-
action. We have two possibilities for the production of charged

secondaries in 7 + p interactions, namely:

- -+ -
T +p-—>® +7 +n a)

(6.8)

-——>1r-+1r°+p b)

They gess that both reactions are dominated by a %% , é%

state, but in a) there is a (v N) system that is in a pure
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3/2 3/2 state (namely the =~ + n pair), while in b) no such

system exists. Thus, reaction a) is more likely to give rise
to the formation of the nucleonic isobar than reaction. b) and
in consequence, if the features of the w 7w interaction have

to come out from the experiment is natural to look for then in
b).

The last point is ttl'i look for the proper experimental in-
formation which 1s to be compared with the predictions of the
model. What one calculates after the integration with respe’._ct'_
to w 1s the differential cross-section per unity interval of
kinetic energy of the recoil nucleon. Therefore, the speé‘trum
of the recoil nucleon will be the experimental information which
should be more sensitive to the model. In fig. 48 and 49, we
present the calculated spectra of the nucleon from reactions
N+N 7+ N+8 and 7+ N—>r +7 +N respectively for

about the same kinetic energy of the incoming parficles in the

iy
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laboratory system, namely ~u 960 Mev. The most striking feature
1s a strong maximum in both distributions, below T = 100 Mev.

In Fig. 50 we present the experimental distribution of about
270 events of the kind p+ p — p + n + 7 with respect to the
kinetic energy of the neutron in comparison with the spectrum
predicted by the statistical theory and in Fig. 51, the spectrum
of the neutron of reaction a) of (6.8) is compared both with
predictions of the isobar model and the statistical theory.

i .
!-[ﬁ o o
"1

% stabalical theo -y

rsohar modsi
104

slebistical theory

© 0 Mo e e W o We o e T, 010 40 110 460 10 260 30 %08 40 260 310 w0 40 060 Ma¥
Wutram Laberatery Kinatle taargy Proton \eboratery Kivetic tosegy
Fig. 50 Plg. 51
There is in both figures a good evidence of the existence
of a peak below 100 Mev. fact which gives some support to the

assumption of an influence of the diagram of Fig. 46.

It's therefore reasonable to assume that both the Y and Irr
are present in the pion production processes and that for small
..' . .

momentum transfers to the nucleon the second would be dominant.



7 - ZIhe problem of checking charge independence.

This problem has not been fully developed because the actual
experiments are not good enough.but still I.ﬁould like to draw
your attention on 1t because in next year a lot of Investigation
wlll be done.

One way of checking charge independence is to look in
scatiering where the possibility of analysis in terms of isospin
the various channels is an evidence for the validity of charge

independence.

We can do the analysis in two ways and the good would be
to go through phase shift ahalysis. Unfortunately this cannot
be done because the experimental situation is not sufficiently
good to draw any conclusion from the known behaviour of the
phase shifts and so we must appeal to the overall analysis in
which we try to make the checking by considering relations

(inequalities) between the cross sections.

As we have already sald there are 3 process

at+p — T+ p (a)
¥ +p —» 7 +p (b)

o

T +p_—3 W +n (e)

From the polnt of view of 1sospin we have two open chanrels,

1/2 and 3/2 states, and the amplitudes T (W,0) as we have seen

can be written:
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tor {a) = T2/

for (b) P s % (13(2 +2 1)
o_. V2

for (e) T = -% (13/2 = Typ)

From this follows the relation

v2 1° = 1, -2

Those quantities are complex and so we can represent them

in the complex plane (Fig. 52).

As a result the modulus of the amplitudes must obey the

usual triangle inequalities

dn =l | < V2 151 < Iz + (2]

and all the cliclic permutations.

as o= |?|? we have Ve, - Vol ¢ Vag,¢y/o, +f oo
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‘Now those inequalities must hold for each angle and energy
and of courge they are true also for the corresponding totali
cross sections. Some of those inequalities have been used for

checking the charge independence. For instance we have

ﬂc+ -q’a_ - 4200 £ 0
which was used by Salzman at three energies 100, 150 and 190 Mev.

The result is not exactly“true but 1t is compatible. At
Chicago with charge exchange experiments the agreement is be-
coming better. They are doing experiments at various angles

and energies in order to prevent some fortuitus agreemént-

Other kind of relations used by Stanghelini is
3(07+0%°) = oT4z2o,,

where 01/2 means the cross-section for 1/2 state. This_rela-
tion is useful because the influence of 1/2 state is usually:
very small (for instance, at resonance 91/, is equal to a few

percent of o.) except at very low energy.

Then we can write

- o +
3(0 + 0" ) = ¢ >0

which provides a stringent checking for charge independence.
Other more sophisticated relation is the following:

2 s

. 2
le - T_|

- ) 2 2
= |Re T, -~ Re T_| +|Im T, ~ In T_]
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This seems complicated but becomes simpler in forward
direction (€ = 0) where we can apply the optical theorem for

the total crosgs-~section:

4
Stotal = o= "I;- Im T (0)
| 2 (kY 2
Then - 29,(0) = |Re T,(0) ~ Re T_(0)|< + — (Z,~-%)
4
The real parts can be eliminated by using
o, = |Re T,% + |mT,]?
and so
2

x
|Re 2, (0)|% = %(N-/—-X+
- - K 41 -

where the sign of Re T, (0) we take from phase shift analysis.

Using this we get o, (0) in function of the total and
forward differential charged cross-section. We can now compare
with experiment. From all those experiments avallable we can say

that charge independence does hold within an accuracy of 10%.

Another kind of experiment was carried out by Harting et al
Phys. Bev., Letters (3 52, 1959) which measure

p+a—~B +r’

B = —
p+d-—~—H93+1r°

This is a very good experiment for checking charge inde-

pendence because the answer comes only from one number, the
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value of R that we calculate now:

As the TI-spin for deuteron is zero the total I-spin of the
entrance channel is T = /2 (T, = + 1/2); the final state
could be in both cases T = 1/2 or 3/2 as the I-spin of i
and He> is /2. -

If now we believe 1n charge independence, the total isospin
T i1s conserved and then the only value is T = 1/2 (T, = + 1/2)
also for the final state.

Using ClebschrGordon.ooefficients the wave function for the
final state can be written

J_% Yll )L; + J—-%: Y1° X'?- where

f

T, T, 3 3
YT ) XT, are the wave functions for the 7 and the B’ or He”.

So the probability for finding H’3 + v+ in the final state
is -%- and for finding Heo + ™ 1s .

Then

In the experiment a magnetic field was used in order to.
separe H2 from He” and time of flight measurements was used for
prevent, confusion of i with prbtons.

The value obtained for the ratio was R = 2.26 + 0.11 .

There are few corrections to take into account; the difference
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in kinematics because m o £ m + and Coulomb distortion for the
wave deséribing the outgoing F+. This gives an effect of about 4%'

' B Te3 in the right direction. We can .
I say that the confidence in the

check is of ~ 10%.

Another experimeﬁt has been

performed by Greue et al. (Phys.
Rev. Letters 2 269, 1959) where
they measured the ratio R at four

different angles in C.M. system.

Fig. 53 It turns out to be R = 1.91 = 0.25.
Agaln the confidence in the checking §f charge independence is of
about 10%€.

Ti11 now we have no experiment that could down the accuracy

to let us*say 1%.

8 - Production of strange particles
We will treat now the production of strange particles and as

we have already done for pion production ocur first step will to
discover the important quantum numbers that describes the phenome-

non.

The production of strange particles is possible 1n various

ways as for instance from the following reactlons
N+ N — N+Y + K

T+ N — Y + K

Q’f N— Y + K
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vhere the corresponding thresholds in L.S. are Ty ® 1600 Mev,
T 770 Mev and To ~ 920 Mev. |

All those reactions are possible under control with the big
machines that are nowdays available.

Another source for production of strange particles is for
instance the capture of X by nuclei, but then we need a beanm
of K~ and so we can say that the three reactions mentioned in the

begining are representative for strange particle production.

As usual I will go to discuss production by m beams because
the number of experiments 1is the greatest and also because I belﬂﬂé

that most important information come from there.

Looking in the 1 Bev reglon we can distinguish 4 kinds of

reactions with r bn hydrogen:

7T +p — 5+ Xk (a)
T +p —» =+ k% (D)
77+ p —a I+t (e¢)
7+ p — A%+ K° (d)

The thresholds are respectively aproximately igual to 910 Mev
for (a),; 890 Mev for (b) and (¢) and 770 Mev for (d) and the differ
ent values are connected with the different masses of the produéed

hyperons. ,

We discuss the phenomens only near threshold because of the
following reasons:

a) this situation is the one available.
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b) we hope few partial waves to take part in the

process.

Near thresholds the order of magnitude of the cross section
for production of strange particles all together is ~ 1 mb i.e.
~ 1,58 of the total cross section for w N collision. The same
holds for incident ¢ 1instead of w.

At first we could say that this value is small but this 1is
not so'because ags we are at threshold only few partial waves are

of interest and in fact only one 1s important.

Looking w-N collision at channel J = 1/2 the total inelastic
eross section is ~ 3 mb and so we see that the value of ~ 1 mb
for the cross section of strange particle production is small only
when compared with w-N collisions corresponding to the overall

channels available.

Let, us now have a glance to the experimental situation where
we havé & lot of experiments accumulated in the last 3 years.

Most of them were planned. for production of strange particles
but this production was used only to determine spin of the particles

involved, ntn conservation of parity etec.

No sistematic study of the production in itself (cross sections
and angular distributions)has yet been done. This will be a pro-
gram for the next two years where a lot of work will be done in
order to understand the dynamical behaviour of the phenomena in-

volved.



79

As I safid no good experiments concerning the production crdss -
section is avallable and so I will try only to sketch the experi-
mental sitmation. We have a graph of the type sketchéd in Fig. 54.

ot!

770 T (MeV)

Fig. 54

Actually the A curve starts from zero because we are dealing
with a threshold but we have no data in this region. We see th@t
N has a maximum but we do not know 1f it represents a-resonahde
for some state involved in A production or if it is due to the
starting of’,zo, 2? production in which case we would have a cﬁsp
in the eross section. Concerning v I believe that there exists
a fast rise just after threshold and then a.leveling of the cross
section and so we have not a so exciting situation as for A, For

2:0, Z? we have an intermediate bhehaviour.

Resuming, after 1 Bev we have a cross section of ~ 1 mb and
in lower energy we see a maximum for production of A near the

threshold for 29,2:.

Now comes the indications from angular distribution about the
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pertial waves that are important in the production.

The experimental information is that the £~ angular distribu-
tion is isotopic and then the production would start in S wave.

For A no experimental informatlon at threshold are available
but there are evidence for a large contribution of S wave in the
energy reglion explored; so we have some indication that the

channel for the production is J = 1/2.

. Now the aﬁgular distribution of A in the maximum region shows
- a blg Interference term explained by S and P waves, in which both
have the same relative importance. Then it seems that the produc-
tion would start in S wave in which cagse the .cross sectlon would

follow a Y E law just above threshold.

Actually this seems directly established only for 3.~ because

only 10 Mev above threshold we find a somewhat large cross section.
S0 very probably all production start in channel J = 1/2.

Now let us see aboui isospin assignement (if there is meaning
for it in this situation). TFor this we will extend the method used
in 7 physies.

Let us look for the 35''s reactions and see if i-spin is a
useful tool. We have as entrance chamnnel a mixture of 1/2 and 3/2
states for (a) and (b) and a pure 3/2 state for (). Because we
make the assignement i-spin = 1, for the I 's and 1/2 for the K's
we have the.same situation as in n physics; there 1s only a change
of names fo; the final state from the point of view of isotople spin.
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So following the same manipulation as before we have for the ampli-

tudes for the %, r° and 5 case the expressions:

Hy
'

- - 1/3 (f3/2 + 2 fl/Z)
o T VB3 (855 = £145)
£, = £, |

=
i

3/2

Now the first thing is to check if the hyﬁothesis works aﬂd
for this we will play with the 1néqualities that comes from i-spin

assignment.

The experimental analysis where made at two energies 960 Mev

and 1,10 Bev. PFor the 1,10 Bev case we have for the production total

cross sections the values

¥_=0.27 ¥ 0.028 mb
X, = 0.39 = 0,037 mb
z, = 0.15 = 0.050 mb

The first two are Berkeley data and the last is from Michigan
group (the bigger error in the last case come because w+'exper1;

ment is more difficult to perform due to proton contamination in

the w7 beam).
The useful inequality in this case 1s

Vez, < V&, + yE_ | (8.1)

because of the grsat value of Zye With the values mentioned

above we have

Y2z, gVI, +Vz. and
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so the triangle for the amplitudes colapses almost inm a straight
line but still we have compatibility with the established inequality,

We have also the angular distributions for all 3 cases. Below.

we have the results provided by the old Michigan work (Brown at al
(P.S. Crawford

Phys. Rev. 107 906, 1957) and the new Berkeley data.
at al Phys. Bev. Letters 3 394, 1959).

First we have the experimental results for £° and £~ case.

(Figs. 55 and 56).

2
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Fig. 55
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In fig. 57 we present for the ¥~

results

combining the £° K°® and ¥~ K’ production results of the Berkeley
experiment with the triangle inequality for the differential cross
section, similar to (8.1), implied by charge independence.

The calculated values are all compatible with Michigan measure

3

ments except for the backward point.

crepancy appears between hoth measurements in the charge symmetric
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case the Michigan experimental

But because the same dis-
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the solid circles represent the lower limit allowed by
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reactions 7 + p»y + kit may be considered as due to the
same error in the old results. Using only the Berkeley data for

s, and o_, subjected to the

o T T °
Tl Y assumption of a triangle of zero
—_ hrh.l.y( pradicted lowes linil}
'E 0’03 Fetignn " areay we have for the 1/2 and
o
g 0,02} ] 3/2 amplitudes -
“‘5’ ' f = 4+ (3,05 pt 0.11) x 10~ 4ep
b
o = _ * -14
0 + f3/2 - (1014 0.16) X 10 cm
cos alile . .
°‘= * (cm.) that in the production the 1/2
Fig. 57 state contributes with ~ 904,

appearing then as the most
important I-state.

Summarizing the situation, we have at threshold as the most
important gquantum numbers J = 1/2 and T = 1/2.

9 - Determination of the spin of strange particles.

A quite simple and general method is due to Adair (Adair,
Phys. Rev. 100, 1540, 1955). No detailed analysis such as “phase

shifts analysis is used but only conservation laws.

Let us analyse the reactlons:

0+k0

: : o +k

and take the direction of the incoming 7w as the axis of quantiza=-
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‘tion of angular momenta. This is only in order to make the anulysig
mbre e#éy.bnt does not mean any loose of generality. In such a casél
my for the initial system will be zero, remaining as the only com- |
ponent of the total angular momentum, the spin of the proton. Thus,
the situation in the c.m. system for the initial state can be repre |

sented as in Fig. 58.

LA P

>4
T

Y

+ %

-(——m3=-§‘

——»mj

The final state will be in general like in Fig. 59.

Fig. 59

while [®¢' can be eitner 0 or 1 in order to conserve my e One has
then,.some probability a for Byt = 0 and certain probability b
for myr = 1. If one developes the scattering amplitude for each

of those possilble values of mgr one gets, for small angles:



-E. o sena 0
a
Therefore, if we take only the particles produced at & = 0°
in the c.m. system, mg1 will be zero and mj would be determined
only by the spins of the final particles. Furthermore, if we
accept that the spin of K is zero, my will be determined by the

spin of the A (Z7).

All the argument can be perf.ormed, starting with m, (initial)=
=+% or my (initial) = - %. These two states are orthogonal,
therefore the analysis can be applied to my = + % and afterwards
the similar contribution of m‘1 = - % can be added incoherently.

The hyperon, be it Aor £, will decay into a w and a N (Fig.
60).

"'/
,
- . /\"‘
N "///’
Fig. 60

Since the decay products go away in any direc'tion, their rela-
tive angular momentum could have m, # 0. Let us see now which

are the possible final state which conserve mj.
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Parity of the Orbital angular | Partial waves
Total aagular | "final (uN) momentum in the | in-the final
momen - system final state state
' +
| P= +1 L =1 P
J=1/2 £ Lz
‘ ‘. . ' +
P= +1 i=1 B
J=3/2 ) | 0. | 9'3/2
J =5/2 i A d Eo R B T O Y C S U

Let us now study the angular distribution for the decay process.
In order to do that, we must expand the angular part of the wave
function in sphericai harmonics, taking always as axis of reference
for the angles, the line of flight of the initial system. A typical
term of such expansion will be of the form:
m m

{ x S

C(l, S,.J', mg ,-ms) Y‘l s

where: C (!, S, J, my ms) is the corresponding Clebsch-Gorden
m .
coefficient, le

x Bs
s

are the normalized spherical harmonics and

the spin function of the nucleon.

Therefore, for the simplest case 3;1/2’ the angular part of

the wave function turns out to be:



£ (e, = ¢ (0,3,4,0,0) 1.0 GF + ¢ (0,3,4,0,0) 1.0 5P

=%

where the second term correspdnﬂ to the contribution of the m

J

state.
The angular distribption will thus be given by:

2 —312
oz @) = 22 = [o00bst,0:8) 123 efecobbo e oGl

3
- [

For the P;' state one has:

o, ()

| 32 1,42
’} '9(1,%,%,1,%)21?1(% ] + |c(1_,-£r,%,1,-%)yl Xy | +

+

-312 2
!C(la'&gisO:-%)foi.%l + IC(I’%’%’-I’%) Y:I.-l X.&.% l =

a{l-ﬁ V372 cosq|2+|'\lz/—3\/% sinot‘}=1

As expected we see from the preceding results that the angular

distribution does not depend on the parity but only on the total
angular momentum of the state. In both cage, the angﬁlar distribu-

tion of decay turns out to be isotropic.

If we write down in the same way the expression for the
J = 3/2 states, we get:
1+3 cos?o

%272 (X) >

and for J = 5/2:

Oy p () = -2— [1-- 2 cosfo + 5 cos? oc]
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One sees imquiatelj that the angular distribution takes a
pecullar form for each value of J and this is due to the selection
of the direction of production (0° or 1809) in order to get a single

valne for md.

Now, these angular distributions must be compared with the
experiméntal ones. But the preceding argument was developed for
production exactly at 0° or 180°. Since the probability to find
a particle produced exactly at those two angles is zero, one is
obliged to take a certain cone, with axes at 0° or 180°. The
greater the angle, the larger will be the number of events at our
disposal. But we must put a limit because as we increase the angle,
the contribution of my # O will also increase, as we have already
seen, as sinz 8. Only in the particular case of having f= O one
could take the A produced in any direction. Therefore, one has
to arrive to a compromise between the contamination of my #0 and
the number of events required to give statistical significancehto
the analysis.

As an example, in Fig. 61 is represented by the full curve
the fitting of some previous experimental data on the angular distri
‘bution of A with s and P waves and by the dotted curve the maximum

contribution of m ) # 0, (s'ee reference below).

From the backward part one can take up to cos @ = - 0,5 with

out having a contamination of mp # 0 greater than 10%.

In figs. 62 and 63 (from Eisler et al. N. Cim. VII, 222,
1958) appear the experimental data on the angular distribution for
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decay of A and X~ respectively produced by = of ~ 1 Bev,
within a cone such that the contamlnation with m, F 0 is expected
to be smaller than 10%. Also the caleulated curves corresponding
to spin /2y, 3/2 and 5/2 are there represented.
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90

One can readily see that the best fit 1s got in both cases
with s = 1/2. This 1is the accepted value for both Aand &7 .

A similar analysis can be performed on the absorption of X~
by hydrogen: K + p—m + =7, Also in this case 1t 1s necessary

to assume spin zero for the K.

Adair's argument provides a quite general method which can

be applied for the determination of the total J of a system.

Lee and Yang developed another argument for the determina-
tion of the spin of /A and X~ which does not need any assumption
on the spin of the K. It is based in the nonconservation of pari-
ty in the decay of those pa.rticles. Experimentally, an analysis
must be acomplished on the up and down asymmetry in the decay but-
a much larger number of events than in the Adair's analysls is

required in order to be able to put in evidence that effect.

For the A 1its spin determination has been also attempted by
this method and again the value 1/2 was indicated. Up to now a
similar analysis has not been possible to be performed for the case
of =,

- 10 - The problem of the relative parity between Aand K.

In Chapter 8 we could conclude that the available experimental
information agrees wit‘h the assumption that the most important
channel for the production of N and & 1is, at threshold, the
T =1/2, J = 1/2 channel.
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But there is still an open question whieh is the determina-
tion of the parity of that channel and this problem is connected
with the question of the relative parity between A and K. |

. In order to be able to arrive to some conclusion about this
matter we must snalyse reactions initiated by particles whosze rela
tive parity is well established and in which the parity is conserved.
In this way we will be able to say something about the relative
parity in the final state where the A or the ¥ appear.

But, because of the fact of the associated production of
strange particles, we only can speak of the relative parity between

two of those particles.

Starting with the reaction which requires a lowest threshold
namely:

T+ P A+ K° (10.1)

our first conclusion will then be about the relative parity between

A  and K.

We would have a different situation for the determination
of the parity of the - by the analysis of the reaction:
T+N—> = +K+K (10.2)

Since in the final state we have two identical particles, the rela
tive parity between those two is P = + 1, then we could compare
directly the parity of — with that of the system (7N).

But in any case of the type of reaction (10.1) where one
has only two strange particles, the only thing one can establish
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is the relative parity between both strange particles, be them A
and K or &£ and K. '

There is a lot of speculation about this subject, most of
them insufficient by themselves because in all the cases tse con;
clusions are based in supplemeptary assumptions, and it is diffi-
cult to establish which is the level of confidence on the different
arguments. _Nevertheless fhere are several pleces of information
using different supplementary hypothesis, all of them favouring
the same conclusion about the relative parity between A and K.

This is a good indication of the correctness of the con-
clusion and we can nowadays belleve with some support that the
parities of A and K must be opposite.

Let us see now which are the possible sources of information.

a) The analysis of some pecullaritles in the production proc-
esses at threshold.

' There is an argument originally given by Wigner for the case
of nuclear reactions, which says that if a new proecess occurs
through a certain channel that can also be observed at elastle
scattering, there is a perturbation in the cross-section for elastic
scattering just at the threshold for the new process. In a more
general way it can be affirmed that at any time that the derivative
of the cross section for a certain process has a singularity,; it
perturbs the cross-sections for all the other processes which pro-

ceed through the same channel.

If this is true, in the case of v + p one has as the main
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processes the elastic and inelastic scattering. As we have already
séid, there is some indication on the starting of the cross-section
for A production is s-wave, and in this case, there is a 'VE? Qe-
‘pendence of the cross-section which means a strong singularity in
its derivative. Then, one should observe a perturbation in the
elastic scattering just in the same “channel of J, T and P which;

is involved in the production of A . Therefore, if we knew verf
well which are the states of J and P involved in the scattering
process we could analyse the behaviour of the phase shifts and
discover the expected peculiarities.

But this analyslis 1s hopeless in this case, since for the
threshold energy for A production one has about 28 phase shifts

involved in the scattering process.

The conditions are better if we tried to analyse the be-
haviour of the cross-section for A production at threshold for
p production, since as we saw, it seems that at this energy,
only s and p waves are involved in the A cross-section. Still we
have very few experimental data both on A and ¥ as to get a defi
nite answer. We said for instance that it is still impossible to
decide whether the maximum in A around the threshold for produc-

tion of ¥ 1is due to a resonance in the S or P states Iinvolved, or

to a perturbation of ome of the phase shifts due to the ¥ produc

' tion process proceeding through the same channel,y or to a more

complicated situation.

b) Analysis of the reaction p + p— K  + A® + p. (G. Costa
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and B. T. Feld Phys. Rev. 109 607, 1958).

Also here, a carefull analysis of the angular distribution
and of the momentum dependence of the cross-section at threshoid,
could give some information about the relative parity between A
and K if we supplement that analysis ﬁith some assumption on the
most important final state interaction.

If the bombarding energies are sufficilently close to thres-
hold, one can assure that most K's should be produced in S and P
states and the resulting (pA) system 1s most likely to be in a

relative 8 state.

In thls way, one can analyse which are the initial state
corresponding to each possible final state, thus,; making it possi
ble to predict which must be the angular distribution and the mo-
mentum dependence of the final particles.

In constructing Table IT, we have, for simplicity taken the
intrinsic parity of the hyperons to be identical with that of the
nucleon, but, since the parity is a quantity which must be conserved
in the produect, the result would be the same if we changed our
choice of the intrinsic parity of the hyperon. Also in preparing
Table II one assumes a spin~0 K and spin - 1/2 A.

In the two last column of Table II, the energy and angular

dependence of the cfoss-section are presented.

FProm this Table one can readly see that with only the as-
sumptions up to now proposed, there are many ambiguities and nothing

can be sald about the relative parity of A and K. But there are
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Table II
L .
| Initial
e (or Momen tum
Farity ggg%e 'k s%ggg Angular distributlon |4ependence
1 ., 2
s So 0 So(ao) | |30| | r
1178 (ap) | 9/2|31|281n29 )
381 0 | Forbidden -
S ' 3 9 ' "2 "2 2
1 1’0,1,2(3;}’1,2) {4 la2-31| * |9.2 - ]sm o+ v
{2 lagray 2+ 128 vmp ) cca?s
B T IR e XN [b,| .
1| PForbidden -
3 3 ! t 2
8, 0 |”P,(b,) Iby | '
1s (b, 1ol - (522
1 {Isy(by), 1,0y} 316y - DV b,1% 2
1 I I~
{Ibod'(g')z bzlz-‘bolz}cogzg

indications based in the analysis of hyperfragments and on theoretical
considerations, that the A-p force is strongest in the lSO state., If
this is true, we can expect C, + C, sen® © for even P and const.
for odd P, and some definite conclusion could be worked out. This
would be the necessary supplementary assumption we were referring

to at the begining. Therefore, if the supplementary assumption 1s
reasonable, this analysis would provide a good indication on P (AK).
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But the fact is that nobody has yet performed a complete experiment on
production of A at threshold, so that the number of events is too
small to glve any significance to an analysis of angular distribu-

tion or to a test of momentum dependence.

¢) analysls of the reactions

4

7' + He —-‘—m---},\Haea4 + K

T+ He4——--a--AH4 + K°

In this case with only one assumption, one can determine the
relative parity between A and K and this assumption refers to the
state in which the hyperfragments are produced.

Let us assume that the only bound state for the hyperfrag-
ment is J'= 0. If thls is true all the particles have spin zero
and for any angular momentum it will be f, = ! g1 SO there will
be no influence of the angular momentum on the parity of the final
state relative to the initial state. |

Then if we belleve in conservation of parity in strong inter
actions, and since the relative parity of the w and the nucleon
is P = -1 also K and A must have apposite parity.

Therefore if some support can be found to the spin zero for
the hyperfragments, the exilstence of these reactions would be a
‘proor of the opposite parity of N and K. Unfortunately no inror=-

mation on 7~ + Hed experiment is avallable for the moment.

Nevertheless a carefull experiment is being carried out at
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present (He bubble chamber collaboration) on reactions K + He‘fl
Here we have with regard to the occurring of hyperfragments the
same situation as that just described for 7~ + He*. The follow-

ing reactions can occur:

K-+ He* o met 477 (a)
K~ + He? _"'AH4- +7° (b)
where again with the assumption of spin zero for the hyperfragment,

the existence of these reactions indicates P (AK) to be odd.

In figs. 64 and 65 two typical cases for reaction (a), founded
in the mentioned éxperiment are presented.

;
o*
...o
p)
° ".
o',
— - A
K- +He# — 1 ‘AHLS, -— K- +He 1 +4‘H& d+d
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The results up to now are summarized in the following taisle

Reaction n2 of cases
K™ + He*—He* + 1~ 15
K + H34—43H4 + 7°

K~ + 394_../\33 +7° +n 2

The frequency of reactions involving hyperfragﬁents in
comparison with the total K~ absorption turns out to be of a 2%,
but compared with the direct production of /A one finds ﬁhat the
frequ?ncy is of a 17%4. This 1s a quite big number which tells
definetely that those reactions are allowed, and we insist, if
the reactions are allowed and J = 0 for the hyperfragments,

P (AK) must be odd.

Furthermore the expected ratio between the first two cases
agsuning charge independence, is obtained taking into account that
for both reactions T =1/2 and T, = - 1/2. |

‘Then the Clebsch Gordon coefficlents are - \/2/3 for
the first case and \[1/3 for the second. Thus the expected ratio
is B = 2 wvhich is in good agreement with the result BExp = %?=2.5.

But this of course constitutes an interval ftest. One caﬁ
conclude that charge independence holds and if one accepts befor-
hand that the efficiency in scanﬁing is“good.

Still there cannot be any cut conclusion about the relative
parity between A and K until the argument in favour of J =0
for the hyperfragment will not be improved.
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One of the arguments in this sense is due to Dalitz who
tried to explain the binding energy of the hyperfragments by means
of a phenomenological approach in terms of two body forces. In
first approximation, this approach gives that J must be zero, but
also for approach J = 1 state some very low still finite binding
energy is obtained.

The approach based in two body forces can not be satisfactory
and then Dalitz introduced also three body forces which improve the
calculations and the result is that the J =1 state must be un-

bouﬁded.

More recently Fujii and Sudarshan trated again the problem
and saw that even without the introduction of 3 body forces, both
/\He4 and‘Aﬂé turn out to be unbounded for J = 1. The results

are Eo = = 2.3 Mev and El = + 0.20 Mev.

There are also others indications concerning the rati;-be-
tweeﬁ mesonic and non mesonic modes of decay of light hyperfrag-
ments, about the state of J involved and also this arguments favour
the J = 0 state.

All the questions can be sumarized as follows: the experi=-
mental information, which unfortunately exists only in the region
EK'\J 1 Bev gives agreement with the assumption that J = 0 1s the
most important channel for the production of hyperfragments and

indicates that the reactions are allowed.

Still the arguments on which a definite conclusion on the

scalarity or pseudoscalarity of K is based must be somehow forced.
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d) PhotoEfoduction of k' in hydrogen

...............................

Fig. 66

The reaction U+ p - A+ KT 1s also able to supply sonme
information about P(AK). The experimental set-up is given by a beam
of o -rays (bremsstrahlung) incident upon an hydrogen target and
producing a charged K* meson. In order to fix the energy of the
' incident ¢r-ray, we must use a.device to measure the momentum of
the_K% and the angle of production « refered to the line of flight
of the ¢ =ray. This can be performed by using a magnetic field.
(Fig. 66).

The éxperiments are, in principle, easy to doe. But, up to
now, the available machine supplies only photons of 1 Bev, and
as this energy is near the threshold the cross-section is low
and the statistics is poor. We expect that the situation will
become better at 2 or 3 Bev, where we expect a bigger number of

avents because of a larger pumber of usefull photons with

E 9‘> E‘? threshold®

There are different experiments made at differents places
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and the statistiecal accuracy is poor and the situation not very good«
The best setlof experiments are those from Cornell and Caltech at |
the energy Eq = 1000 + 1010) Mev. (Pig. 67).

1,0 10721 ca?/sterad

02l00 30 600 900 1200 1500180 o o,

mg'. 67

The angular distribution of K* doss not”show any outstanding
feature,; the errors are still Jarge and the points are somewhat
scattered. Together with the experimental points we plot also two
curves due to Fujii and Sudarshan, which are standard calculations

for each scalar and pseudo-scalar case.

As we can see it is difficult to diseriminate between those

two curves.

Then we should try another way in order to obtain information'
about the parity P (AK) basing on photoproduction. The process
‘can be represented by a graph of the type of Fig. 68.



102

Fig. 68

As far as our understanding of this interaction becomes improved,
the black box becomes greater and greater. This means that our

analysis should become too much envolved, with too many parameters.

We should try a more limited program, directed on the informa-
tion about P (AK) only.

For this objective, we musi remember the possibility of the
graph of Fig. 69.

Pig. 69

A graph analogous to this one appeared at the photoproduction
of 7" and it was just the photoelectric term, which was shown ex-
perimentaly to exist. So we can believe this graph to be present

also here.
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Now, as in this graph there is an intermediate K' particle, the
amplitude will have a pole at a certain point. The transition ampli
tude T = T(W, A%) for g+ p—»A+ K 1s a funetion of W and
A 2 i.e2.y the total energy and momentum transfer in the ¢. m. system.

The photoelectric term in the transition amplitude must have a
pole in the variable Az, the momentum transfer, but not in W, as we
saw In similar reasoning. So we expect that the pole will be on
the variable cos 8‘, at the angular distribution. The pole can be
shown to be outside the physical region, l.e.,|cos 6] >1. |

S04, we can show that:

M
1 .1

T =T (W, A°) = _
B 1-vK cos ©

2

where the term is Hl 1s the photeelectric term and TZ comes from
other sources. The quantities Hl and TZ are regular near

cos & = 1/ This pole is expected to be the most near pole to

vk’
the physical region, as compared to other poles. We can show by
kinematical considerations that the pole is located at |cos e] =2.7

for Eq =1 Bev (vg = 0.3).
Now, in order to caleulate do/4q we must take the square ITIZ.

Then: 2
do [Ml] A

—_— = - = 5 + +«+ B
aa (l-vK cos 9) (1- Vg €OS 8)

where A comes from the interference between Ml and TZ; IHlla, A
and B are regular finite quantities at the pole given by



1104
1=~ Vg cos 0 =0,

So, in order to isolate Hl we apply the standard way:

(dd - c0s 9)2 g——g = £(W, cos 8) = |M1|2 + A(C"o -cos 8) + B(Ofo-cos 9)2

| (10.2)
That is, we multiply the experimental angular distribution deo /dq
by (QB -COos 9)2 and plot the result against cos 0. (in c.m.

system). So using the eq. (10.2), we see that as cos o—~d,
(% ~cos 8)% 42— |u, |2,

So if we are able to extrapolate the experimental points up to
the unphysical region, we can get information about the residue
whose magnitude depends on the coupling constant and whose sign
depends on the parity P (AK).

The analysis has been performed by Moravezik (fig. 70).(M.
Moravezik Phys. Rev. Letters 2 352 1959).

In order to extrapolate we can try polinomials of different order
n =1, 2 or 3. All those extrapolation look to be indistingnishable
in the physleal region, inside the statistical inaccuracy. [We can
also try a X° method]. The result can be plotted against the order
of polinomial used for the fit. (Fig. 71). ; Now,¢ﬁhere is no cri-
teria for the choice of n. The general impression one has is that
a small negative value for the residue is present for all n. The

solution is near zero.

If we try to calculate what we should expect for the magnitude

of the residue, we can use a Born aﬁproximatibn, for which the
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photoelectric term, besides a kinematie factor, is proportional to

2 2
gp/\K . e /hc-
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Now the general belief is that ggm is slightly smaller than,

gﬁN, but still strong. Moravezik takes ggKAnJl. _

S0, by performing the calculations; we find that the residue is
slightely positive for pseudoscalar coupling and negative and near
- 8 x (1073* cn®/ster) for scalar coupling. This should give evi-
dence for P (AK) = -1. It looks that the choice of g~ is not so bad.

In conclusion, we can say that each peace of information is not
quite sound, but all different experiments points in the direction
of a value P (AK) = -1.

11 - Dispersion Relations approach to relative parity of A-K.
We do not belleve that the conclusions of this approach can

glve an unambigﬁos answer to the problem but they can be improved
by a better knowledge of the cross sections. So 1t is interesting

to establish which are the arguments.
Cﬁnsider the process:
K" +p—=kK +p (a).
K- +p—=K +7p (b)
which are described by the scattering amplitudes £ (w,8) and

f_(wy0) respectively, where w 1s the total energy of the systen
and © 1s the scattering angle.

We do not know how to calculate those amplitudes because
there is no theory available but if we consider only forward scatter
ing we will see that we can stablished some properties of these
functions (now only depending on w) in order to have information
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about the relative parity of A and K and about the strength of tha
coupling constamt. |

From diSpersion relation theory we have the roilowing expression
connecting the real and imaginary part of a forward scattefing amply
tude

0 1w flw')

Re (@) = L f —_
ey wiew

( % means principal value).

Actually this expression is just Cauchy'!s theorem for analitic
functions and so is very general. For the scattering amplitude the
analicity condition comes essentially from the requirement of

microcausality.
Now we will try to see how to work with this expression.

The difficulty 1s to express the integral and the first thing
to do 1t is to lock the phenomenon in all energy range.

As w 1s the total energy of the system we must have
W3 Eye + By which defines the physical region.

Now we must discover if there is some pole in the variable w
in the scattering amplitude and for this we considerer first
reaction (a). Remembering that the strangeness of K' is +l and
that we must have conservation of stranseness and barionic number
at each vertex, it is easjlto see that we cannot comnect the
initial and final state with a particle; then we have no pole
in the corresponding amplitude f (w).
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Phe situation 1s different for reaction (b) because now we can

connect the initial and final state by a 5% or A (Fig. 72). .Then

Fig. 72

not just a pole but a continum.

o~

we have for the corresponding
amplitude f_(w), two poles at
W= my s Oy . The problen
now is that there are more
accident in f(w) because we can
add a w to the intermediate
state (Fig. 73) and we can do
this in an infinity number of

ways which means that we have

Simbolicaly we can represent the situation for f_ in the

following way: (Fig. 74).

After this analysis we split the integral into various pieces

but before daing this let us see
how to deal with the integra-
tion range from - o to O.

For this we use a trick known

as "erossing symmetry" which

P states that
Fig. 73 £u(w) = £ (-w) (1)
oontinmm  physical region
) m:A\ m;: m“i}"'" . ” m:-ll-l{ it
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0

o0
with which we can pass from S to [ .
-0 0

Now, as we saw there is no pole for f_ and so we can write

00 0
Im £ (w?) In £ (w')
Re £ (w) =% [ B dw + % S —_— '
W= ' W =
By -0 -
Using (1) we can write
) | )
Im £ (w') Im £_(w'!)
Be f (w) = A K t— 4 i S . deo’
T W =W L ' W+ w
L _ 4]
Since we have singularities only for f£_(&) ve can write
N X(A) )
@) = L+ + +
Re f"'( - cont wA.,.oo %.,.aa
;1 £ [ Imf_(w') Im £ () ;
- = [ : + . - dw
T W + W W
oy
where U cont is the contribution of the unphysical region and the

2% and 379 terms are the contributions of the poles of f_(w).
Using the optical theorem

o't,

k
Im £(0) = —
AT
we can wrlte

X(A) ()

cont + * 1 *
_ W w gy W

Re 1‘+\= 1)
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o) ¥ (wr)

s 5]
1 1 '
+ = g k 0 + - dw
47 RS Ieh 7 W =W
and analagously for f_:
o X(A). X(x)
Re f = + + +
- cont
C%N-u> Cuz_og
1 P o fw) . g¥w) \
+ — [ kt : + - dow
Bx

At this point we have introduced all the measurable qgantities
that -we have from experiment or that we can calculate like the resi
dues of poles, except the contribution from the continnum in the
unphysical region.

Of this continuum we can say very little. The term Imf_ must
vanish at the threshold of this region i.e. at Mg oo (Fige 75).

U mgmy

A

Fig. 75

At the threshold of the physical region Im f_has a finite value
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as can be seen immediatly In this way: th at zero kingtip energy
behaves like an S wave of an exotermic reaction and then O'_t o % .

Using the optical theorem we have i?_fa = constant.

But in the interior of the region it is impossible to know how
it behaves; 1t can have oscillations and cusps. Because of this
situation the only hope is that the contributionﬁof'ﬂcont is sméll
in comparison with other terms and that it is possible to neglect
it.

For what concerns the contribution of the residues of poles,
we proceed with the usual method which consist in calculating X on
the basis of Born.approximation of the scattering process. This
term can be calculated assuming that the K 1is scalar or pseudo-
scalar with respéct to A,

Now, neglecting the contribution from the continuum in the
onphysical region, the only terms which contains explicity informa
tion about relative K parity and strength of the coupling constant
are the residues of the poles. 5o frpﬁ the ealculations of the
other terms by means of thé experimental data it 1s possible to
decide about relative parity. Unfortunately the dispersion relé-'
tions written just now are still insatisfactory for another reason
which is the poor convergence, if any, of the integral over the

total cross sections when w—+oo. For tHis reason peopie prerer to

use dispersion relation derived from the first ones by subtraction.

.The result 1s

2 v - o
m daw < :
my {Re £ (mg) - Be f_(lpK)} + ;K—'a E Ey [c_t(w') - °'+t(9')] =
T



2 2 _
| 2(G, + Gp)/qmw Af Pey=+1
B Ng 2 o2 2
<2( === ) (GT + 65)/4arw if P =1
Zmg A )4 KH

At least in the energy interval that we have experimental infopr
mation the integral is positive since ©.° >G° and so all things
relies in the { } term, in order to decide between the two possi-~
bllities presented in the right side of the equation.

The experiments are not good enough to settle the problem; we
have incertitude in the sign of the phase shifts and so all depends
on the guess on the atractive or repulsive nature of K'f P inter-

action.
For K'- p we have repulsion and then Re f_ <0.

Coulomb interference in elastiec K - p scattering speaks in favor
of atraction but there is not a so definite answer becaunse construc

tive interference 1s difficult to detect.

But people believe in the atraction and then Re f_>0 whiech
means that PKH = -],

We cannot draw any definite conelusion but we have learned the

way in which we can work out the problen.

12 - Parity conservation in strong interactions

‘The speculations about the possibility that parity would not
be conserved to some extend in strong interactions, started soon

after the discovery that parity conservation and charge conjugation
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were violated in weak interactions.

Probably the most satisfactory way to look into the problem on
theoretical grounds‘is in terms of the so called conservation of
combined parity, first considered by Landau (Nucl. Phys. 3, 1275
1957) and Lée - Yang (Phys. Rev. 10§, 1671, 195?). This hypothésis
states that in all kind of interactions (weak,eléctromagnetic aﬁd
strong), only the combined P.C parity is conserved in local and
non local theorles. The operator P.C means simultaneous space

reflexion and change of particles into antiparticles.

In the case of weak interactions, due to P.C T. conservation
and to the fact that T violation has not been observed, the conser
vation of P C has good_evidence. In this case, both P. and C are
;in general violated, but the combined P C. is not.

For electromagnetic interactions, auxiliary invariance require
ments (gauge invariance) assure the conservation of both P and C

if PC 1is conserved.

. “For strong intergctions the problem is still open and clearly
of great Interest. Iﬁ particular it will be interesting to investi
gate theoretically if there 1s in this case any auxiliary require-
ment which could guarantee conservation of P like in the electro-

- magnetic case.

Let us consider some examples of the mentioned cases where P
is conserved only as a consequence of P.C conservation and some

auxilliary requirement.

We have first the case of a spinor in the electromagnetic
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field. The requirement of P C invariance gives a Lagrangian of

the form:
ol = 1Tl(x)[-i‘?;‘ G—% - ie A)D +m - e'?so'FAP]?P(x) + H.C.

where the term in e' is responsible for non conservation of parity.
However as thls term is not gauge invariant must be discarded.
Thus in quantun electrodynamics, as a consequence of the gauge in-
varlance condition, thg requirement of invariance with respect to
the P C operation autoﬁatically leads to invariance under the

space reflection operation.

A similar situwation arises when one considers the case of (m,N)
interaction, that is, a spinor in a pseudoscalar field. The most

general Lagranglan invarlant under P C is:
- . _
L= ey vy, B+ U 95 4, 0) + g Gpors Py, 20+
"N - —_ — *
t 8o Fu¥s¥y B v G B - u 8

# representing the meson field, and.ﬁ* being the charge conjugate

of @, for instance P—sm  and ﬁf—+#- and finally g, g;: g;s g'

are real quantities. Thé last term of that expression is not in-
variant under space reflections. But it is well known that 7 - N
interaction does conserve isotopic spin, and so one has also charge
symmetry. Thus, the two terms inside the parenthesis in g!, are charge sym
metric and are cancé%led out,fémaining the usual Lagrangian which

is lnvariant under P and C. Therefore in the case of {(m,N) inter
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_actioné., the conservation of parity 1s a consequence of conservation

of combined parity and of I-spin.

‘Summarizing, a consequence of the conditions of gauge invariancé
in quantum electrodynamics and of isotopic spin conservation in
pseudoscalar meson theory 1s that the interaction Lagrangian invariant
under the operation of ‘¢ombined inversion P.C. also become invariant

under space reflection P.

The situation is quite different when one introduces inter-
actions involving K mesons. In fact, let us see how the different
field operators transform under P.C.

a) Spinor fields (nucleons, Hyperons)

Yo = syt (Fx), ¥ = PR 1) s

where: -
Sop ST = YL gy =@y T B (B= 12,34)
b) Pseudoscalar field (r mesons): u = B, m = i_!*, 7= By = ﬁ:
' - i | ! * — -
Qo = - §° (=X, x4) d=-§ (-x, x4)
¢) Scalar field:
1 —r M (Pl E —t "
fo = Yo (X3 x,) = ¥ (X, x,)

d) K meson field (if pseudoscalar):
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One sees from all this the difference between w and K. Let

us write down for example the Lagrangian for KNﬁe interactions:

— - * =~ -—
Oe =g "‘PA [tPH ¢K0+ ‘v’p ﬂK" ] + g [zPN zyAﬂKo + ZPP ZPA ﬂK_!,]
which, although invariant under rotations in I-spin space, is not
charge symmetric in the usual sense, because one cannot obtain

charge symmetry by rotation in I-spin space. Thus, there is no
*
relation between the terms in g and in g .

Therefore, an interaction involving strange particles can be
invariant under P C. but not under P and C operations separately.

This is true also if strange particles appear only in a virtual
state in an intermediate step of the interaction.

T+N—> J+K—>7+N

and could produce a certﬁin effeet of P nonconservation also in

pion or nuclear physics. Therefore it is reasonable o try to see
experimentally where and how such a parity viclation can be detected.
There are in this senge three possibllities: experiments directly
involving K's; experiments at high energy where K's can play a

role in an intermediate state; and experiments in low energy

physics where still X'!'s could influence to some extent.

The experiments in low energy physics, suitable for detecting
parlity violation deal with the search for reactlions which are

forbidden for parity conservation.

The most general way to observe a violation of parity conser-
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vation is te detect the presence of a pseudoscalar quantity-likq?
.- T or 2 ﬁ\'fz . EE

Such pseudoscalar term should appear in cases of nucleon-nucleon
scattering if in the initial state we had tkhe two unpolarized nuélg_
ons, and in the finél state some degree of longitudinal polarization
of the outgoing nucleons ;are detected. Another case would be the
detection of some dependence of the angular distribution of r's
produced by a polarized particle shotted against an unpolarized

target, on a term O.k where ¥ is the momentum of the outgoing 7.
Some experiments have been already performed namely:

1) The Rochester group, working with_w+ produced by polarized
protons tried to detect a term 5; .'E;. They got a precision of
about 1%, and the answer was negative.
2) At CERN, they analized the production of 7° by polarized neutrons
of energy up to 540 Mev on a C target. A fore-aft asymmetry in the
produced wo, relative to the polarization vector of the neutron beam
was sougt because 1t wonld be indicative of the parity violating term
n'kw‘ The experiment was sensible to asymmetries of 1 in 103 and
no effect was detected, thus the value of the parity violating term

should be of the order of 1%.

3) Also an experiment has been performed by Jones et al. looking

for the detectlon of polarized neutrons at o° produced by unpolar-
ized 385 Mev protons. Again no indication of violation of parity

has been found. |
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There have been some rumors some years ago about the violation:
of parity conservation in interactions produeing A. It has been
already stablished that the degree of violation of parity in the
decay of the A is about « ) 0.7. HNow, if one measures the angular
distributlion of the decay products of the A with respect to the
line of flight of A, one should find a distribution
1+ Iﬂ& cos 9, where P 1s the polarizatigg of 4he Ay thus related j

to the violation of parity conservation in the productlen process.

The first measurements by cosmie fays people in cloud chambers
seemed to reveal some degree of violation of parity in A produetion,
since they found in all their experiments some forward-backward a-
symmetry in the A production. The statistics on which they based
their conclusions was too low, and as soon as more information was
available from bubble chambers experiments, people tried again and
one can say that as the goodness of the statisties increases, the
indications of the parity violation tend to desappear. The experi-
ments in bubble chambers on productibn of A by processes initiated
by plons are partiemlarly adequate because one has a quite well
deflned energy of the incoming # and the momenta.of the A are
low enough as to make their measurement easy. These experiments
agree iﬁ'giving un upper limit of about 104 to the parity violation

in strong interactions.
The second rumor dbout some degres of parity violation fn
strong interactions, came from very preliminary results on capture

of X~ in deuterium, from the Alvarez group. With regard to A pro-
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duct:l..on'-,v--:they-fbund three possible sources:

1) K_-_l- D—'Q-n-"-u\;l- P . (direct productic:in)
2) K™+ Dwr™s 4+ p

o A+ (indirect production through decay of thé ¥°)
| B_J-K'-_i- D>»7 + N -I-Zt

+ .
-+ N-—s-j\° + N (indirect production through conversion of
' the ¥~ )

There is a way for distinguishing between these cases, and
this 1s done through the analysis of the momenta distribution of
the accompanying pion. This distribution, turns out to be of the
type shown in Fig. 76 with two marked peaks of comparable size at
about 180 and 250 Mev/c.

On the other hand, if one represents the nmomenta distribution
of the accompanying w in

j mmber of T's reactions where only charged

T are produced, a graph as

that of Fig. 77 results with

a peak at the same energy as

the lower peak of Fig. 76".

]
]
|
|
|
380 Maf]n Then it is natural to

-

p‘u’
attribute this lower peak to
Fig. 76 ~ the cases 2) and 3) where -

>''s appear.



The consequence was that selecting those A produced by con-
version of >'s an effect

A mmber of T's £ P of the order of

0,38 : 0,16 was found in

the direction of flight of

the A, effect which turneqd

|

|

|

[

|

[ o
180 MeV/c

P
L out to be of the same order
of magnitude as the observed
Fig. 77 - by cosmic rays people.

Nevertheless, it was very difficult to understand how,existing
such a high degree of violation of parity conservation in that case,

no effect could be detected in the low energy physics.

The situation changed since Alvarez and coworkers improved the
statistics, the detected effect going rapidily down.

The same analysis has been performed looking to A production
in a He bubble chamber. There are about 500 events already analysed
and no effect has been detected. In fact, on the basis of 482 events
from a He bubble chamber experiment, a forward-backward asjmmetry of

0.04 ha Q.08 has been measured.

The general conclusion is that if parity conservation is
violated in strong interactions it cannot be in a degree greater
than 10'8 in the low energy region and than abont a 10% in high

energy phenomena.



13 - Interactions of K's with nucleons

Most of oar discussion on this subjecf will be coneentrated on
K =N interactions, since the Kf+N scattering cross-ﬁection does not |
present any outstanding feature, being nearly constant all over the
investigated energy range.

With regard to K, there is already considerable experimeﬁtal

Information on the following reactions:

K+ p (a_
K+ D (b
(12.1)
K+ He? (e
K + nuclei (d

both at rest and in flight.

The simplest to be analyzed is of course the first case. Let
us then start with K + p' and once one has understood something
about this process 6ne can try to analyze the more'complicated
reactions in terms of the elementary interaction with protons. This
is a general way of working, since every method applied for two body
cases, becomes more difficult to be applied to the many body prablems .

For interactions K + p in flight, ore has threeemain channels:

K+ p elastic scattering

K™+ p—> <K% n charge exchange

inelastic production processes



In the low energy region, up to 200 Mev, the angular distri-
bution for elastic scattering turned out to be in all the experimentgy
élready performed, compatible with lsotropy, indicating that S waveg
doﬁinate the process. This is a first simplification in the pr0pos;§

analysis.

A second simplification of the picture would consist in extend-:
ing I-spin concepts to those reactions. Since both K and p have
T = %, in the incoming channel one has T =0 or T = 1, and two
amplitudes M, and M, must be introduced. In terms of those
amplitudes, the cross~sections for elastic scﬁttering and charge

exchange will be expressed:

|
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respectively.

Assuning only S waves to be present, the expansion in spheriecal
harmonics takes only one term. Each amplitude will be written down
us usually:

2181
- l-e
My = Hiq | (12.3)

where the only important point is that 51' 1s a complex quantity,
because of the existence of inelastic processes. It should then
be expressed: 51'=:x1 + 1 ﬁi and with these elements we should
be able to represent the experimental data. If the analysis would
not work,; it would be an indication that more chanﬁels should be

considered or that charge independence does not hold.
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-.If one expresses the cross—sectib;i_s---fozf S wave one gets tha_

following relations:

-2 2ic =2By . 2idq412
Gel ‘= -512 2=8 PO e °_ - Bl e 1 (12.1*-)
L | =2, 2l =28, 21d, 2 |

- 2 o] 0 1 1
%h.ex = TA |e & -e e (12.5)
A, 4By '
o . = )8 ,-(l-e ﬁ':"') + (1=-e 451)] (12.6)
absorption L ' .

where the indeces O and 1 refer to the T =0 or T =1 state
respectively. In consequence, wa have the four guantities CLys

Bo? 71 and B 1 to be determined through only these three relations.
One can try to obtain more information from the inelastic processes,

namely the following:

K+p —1 + 5 (a
—T 4+ .Z?' (b
° o (12.7)
—_ T + T (e
— 7+ A (d

The cross-sections for these reactions must be represented by
the two terms of the expression (12.6). They can be analyzed again
in terms of the possible states of isotopic spin. Since in the
final state for reactions a) b) and c¢c) one has two objects of T = 1,
the possible states are 0, 1 and 2, the last being eliminated because
in the Initial -state one has only 0 and 1. The cross-sections for
reactions &), b), ¢) and 4) of (12.7) will be:
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a) o X V}-‘-ng + %.Al ¢
b) 0 o -\%—6—--% -2 4 °
c) T a j%.&ola
a) o & %Blz

The ratio z/z:

terms arising from these expressions. From each one of the listed

+ Wwlll depend therefore on the interference

reactions (12.7) one gets a number: Dy N,y 1y and n, with which
one is able to calculate Ao, Al and B and with those values one can
go back to (12.6) from where Bp and 3; can be obtained. The values

for ﬁo and ﬁl calculated by this method are the following:

By X 0.445
By ™ 0.04

which indicate that for inelastic processes, T = 0 is the most
important channel.

Taking the values of (3, and ﬁl into the expressioms (12.4)
and (12.5), %, and of; can be calculated. There is an ambiguity
in the solution of the system, with regard to the sign of the pair

In order to resolve the ambiguity one can try to decide if
the real phase shift <11 is positive or negative, or, what is the
same, if the potentlal is attractive or repulsive, We have already



mentioned, when studying the phase shifts for w - N scattering,
that a method to.détefmine the sign of a potential is b}'means of
its interference with the Coulomb potential. There are some indi-
cations in the present case; in the sense that the interference
with the Coulomb'potentiai is constructive implying attractive _
potential and therefore, &4 > 0. | |

We must remark that the interference effects with the Coulomb
potential are quite difficult to be detected if the interference
is constructive, being much easier to be detected a déstructive
interference;‘»ln the_p}esent case,.since no destructive-inter_
fereﬁce has beeﬁ detected,; one concludes that it is constructivé.
But one can easily understand that this fact canriot be faken as a

definitive argument, but only as an indication.

. Nevertheless, even remaining this ambiguity, our'a-_nalysis ilas
been useful for a better understanding of the phenomena. We have
been able to conclude that only S waves and T = 0 are impdrtaﬁt

states.'

Through a more refined analysls, for instance through thé
study of the ratio zf[zﬁ , one could get the relative sign of the
phase shifts. For K at rest, these ratio varies quite rapidily
when passing from K+ p te K+ D or K+ He¥. Plotting-fzzﬁ
versus EK (energy of the K) one gets Fig. 78. ‘

The ratio is practically egqual unity for every value of EK in
the case of K + p, with the exception of Tx= 0. For deuterium .
and He, as the interaction takes place with boundﬂnndleons) EK<10,
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-and here again the ratio is about 1. The exception in TK =0

mist be due to the presence at this energy of higher order waves.

Another exciting feature when passing to bound system, is the
high rate of conversion of the Z with the nucleon (Z+ N—~A+ N).
About one half of the A produced in the capture of K~ by deuterium,
are of indirect origine. The situation is more drastic in He, where
about 2/3 of the A are originated by conversion of the E.‘s, while
only 1/3 are directly produced.

' This fact 1s not easy to be understood. One must assume a
very large >~ N cross-section in order to Jjustify the results but
the validity of impulse approximation (which considers the second
nucleon as a mere spectator) and the mentioned high rate of con-

version, seem to be in strong contradiction.

14 ~ Results on the He bubble chamber collaboration

The following possibilities arise for K- capture in He:
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'—)Z"‘-'l‘ T o+ (pnn) ('h
——)-z? + -;ro + (pnn) (.c
T+ 2% + ( . ) (4
T e | (12.8)
—>32 + 7" + (ppn) . (e
= A * 7° + (pan) (s
= A v w o+ (ppn) - (g

The oan be absorbed by the group of nuoleons, so that also
reaotions with a final state consisting only on 5 and nucleons
or /A and nucleons should be found,

The first thing in order to analyze these reactions will de
to compare the results with ipnt happens in more elementary ra~
actions, 1.6. In X+D or K+ p. Immediatly something interest-
ing will appear, and this is about the kind of hyperons. In He as
well as in deuterium or protons, only £ and A hyperons will be
produced. The situation with regard to the number of hyperons of
sach type produced in the three pentionnd elenents 1s summarized
in Fig. 79 where the percentages refer to the total number of
captures. |

How can this change in yleld be justified ? A reason can be
found Immediately in the fact thet in interactions with protong,‘
the initlal state can be either in T =0 or T =1 yhile in
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Fig. 79

deuterium and He one has only one possibility, which is T = %,
Therefore there is a difference in what concerns the incoming

channel.

A second point 1s the good evidence that the processes listed
in (12.8) proceed via three body reactions, where the (pnn) and
(ppn) systems are bound as tritium and He3 respectively. The
evidence for the existence of these bound system comes from the

analysis of events of the two types represented in Figs. 80 and 81.

\
\
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\
\
\

Fig. 80 Fig. 81
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:The”analysis of the events in which the recoll is visible, can
be fully accomplished. In fact, 6né méhsures the momenta of thd =
and T, and the angle between them, and with these elements, the
direction of the recoil can be determined and according to the
assumption for the recoll to be a tritium or a He3, one can also
estimate its range which is to be compared with the one observed.
In particular for tritium, the range can be well measured in bubble
chambers and the kinematics can be checked. |

It turns out to be

b
N~ of 3 prongs (£ +7w +T)
~ % (12.9)

A1l 3 prongs (r Z)

This ratio is given by the events having a visible recoil, whose
kinematlies is compatlble with a 3 body process. But, as the number
of these 1s small, the criterium can be extended to the cases not
having visible recoil. Of course we lose here the possibility of
checking both the coplanarity and the range, but the criterium is
that if the unbalance in momenta gives a mass approximately equal
to that of a tritium, the event can be congidered as a 3 body case.
Now the ratio turas out to be:

b
N~ of 2 prongs compatible with (=+w+T)

ki

A11 2 prongs (£ )

and it depends on the criteria of acceptance of the events. One
can take as a good informagion (12.9) so that about 504 of the

events in which one sées a ¥ and a 7 can be considered as 3 body
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processes. This fact could seem astonishing because of the total
energy avallable for the bound system (about 84 Mev taking into
account the 494 Mev of the mass of the K) in front of the 8 Mev of
the binding energy of tritium. Nevertheless, one should not forget
that as the 7 1s a light particle, it should take most of the
avallable energy, and then the energy left to the (PNN) system must
be comparable with the 8§ Mev of binding energy.

Some attempts have been done in order to understand the main
features of these 3 body reactions. Since no theory has yet been
developed, one must try only to compare the experimental facts with

the predictions of some phenomenological models.

1) The first possibility is given by the statistical model. In
our case 1if the model works, it would mean that the energy transfered
to the particles in the final staté, would not depend on the momentum
dependence of the matrix element for that transitlion, either on the
structure of the absorbing system. One can see even intuitively

that this model cannot describe the experimental situation since it
ignores these two important facts which should influence the mecha-
nism of production. There is a way to prove this, namely the fact
that the statistical model predicts large momentum transfers to the
tritium, thus long range for the recoil tracks. Therefore, events
supporting the predictions of the statistical model should be the
most easy to be measured and despite this fact, no long range recoil

has been measured.

2) A second model which takes into account the structure of the



131
‘absorbing system, but still neglects the momentum dependence of the
matriiiélemenﬁ'is the one called the impul$e approximation by the
theoreticians and the spectator model by the experimentalists.

The structure of the He4

y known from electron-He scattefing
experiments, is used in order to write the wave function of the
proton (the actor) whose Fourler transform to the momentum space

will gilve 1ts distribution of momenta. The rest of the nucleons

will just support the recoll momentum of the actor. The predictions
of this model with regard to the momentum distribution of the tritium,
are quite different from
those of the statistical
model, since the large mo-

gpectator model

/ Y statistical model mentum transfer are cut down.

Fig. 82 1s a rough representa

tlion of the predictions of

both models, compared with

the experimental results.

These are much better de-

'-!l‘ 4'

_ scribed by the impulse ap-

Fig. 82 préximat%pn, at least with

regard to the position of the maximum, eventhough its hight is not
well accounted for, thus meaning that some improvement of the model

is necessany

3) A next step would be to take into account that the absorption
of K's by the actor, with production of the w and the ¥ :

K+p —» z=+7
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will depend on the total energy avallable for the reaction.

The marked peak in the momentum distribution of the tritium

is an indicatlion, eventhough not yet a proof; of a 7w -2 inter=-

action in the unphysical region for (Kp) In fact, a dlagram like

Fig. 83 could be imagined, where one sees that there 1s a pole in

Fig. 83

(Kp).

the momentum transfer which
could be affecting the energy
spectrum. As the lower vertex
is well known, what is left

is the cross=section for

K-p in the unphysical region.
The analysis of K capture in
He4 would then provide a way
of extrapolating our knowledge

into the unphysical region for

It could be also that a graph like in Fig. 84 is important,

which could account for the high rate of conversion ¥- N.

i Fig L] 8‘4

With respect to the strong
rate of conversion of the £ s
it can be worked out by look-
ing into the events with A
and 7 in the final state,
i.e. reactions b), e) and g)
of (12.8). It was already
shown by Alvarez et al. that
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thei"f:eak"élt higher energyin the spectrum’of the plons (Fig. 76)
corresponds to ﬁ_ions going with the A "_d'ire'dtly‘- produced (reaction
g) of (12.8)) while the peak at lower energy comes from w accompany
ing A's produced through decay of = through conversion of charged
z's. In deuterium the ratio between the two peaks is 1:1 while
in He is 2:1.

It is easy to prove that no /A comes from conversion of ¥ .

In fact, for = and s° ore has the following possibilities:

Z++ n —»A+ p
0+ {g}_,. A+ {g}
In the cagse of S| one has only the possibility of comreréion
with a jzroton, but then three neutrons would be left together wﬁich
is an extremely unlikely situation. Therefore one should not find

any case of A associated with a 1r+, and this is in fact the ex-
verimental sitnation.

Furthermore, there is another criterium. which enables one to
discover the cases of /A coming from conversion of the z’f' . In
fact, due to the difference in mass between X and A (about 80
Mev), there will be a fa.gt proton in the final state, and this is
easy to be experimentally observed. A further analysis in terms
of I-spin would permit to extend the conclusion about . z:"- conversion,

to the case of z:o.

Finally it is also interesting to point out which is the
proportion of events without 7's in the final state. These congti-

tute about a 104 of the total, and can be due to conversion of the r's.

A1l this constitutes a very wide picture of results from the ge?

bubble .chamber collaboration, which have not yet been fully elaborated.
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