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INTRODUCTION

It is clearly impossible to present in an hour's time a complete
survey of all that is known on baryon resonances, Therefore, I have chosen
to discuss a selection of new results which, I think, are particularly
interesting. My criterium of sélection was that thesevreSults be obtained
by the use of'some more or less elaborated considerations. The natural con-
sequence is that I have almost completely neglected new baryon resonances
which are at the stage of more or less significant bumps (in a mass distri-
bution, in a curve of cross section, etc.). This does not mean at a1l that
I despise the science of bump hunting. Most of the resonances begin to be
first a hump, then a bump, then an enhancement, then a peak. Afﬁerwards they
are called a reéonant state, and finally a resonance. We would certainly
make less interesting discoveries if we were not taking the bumps we find
seriously, even if their statistical significance is not quite as satisfac-

tory as it should be, at the date of their birth.

GENERAL CONSIDERATIONS:

Baryon resonances have a definite advantage on meson resonances.

If the strangeness is 0 or -1 and the isospin siiiller than or equal to 3/2,
they can be studied in formation experiments. In such an experiment a
primary is shot onto a target particle at an energy which corresponds %o

the mass of the resonance. 'The resonance is formed and one studies its
decay either in the same channel as the formation channel (elastic prooess),
or in another channel (inelastic’process). Since resonances have a finite
width, one uses several well-defined energies for the primary, in order to.
cover the whole region of the resonance plus some control region. In
contrast to this method, in a production experiment one uses some catastro-
phic high-energy process in which one or several new particles are produced.

A resonance appears then as a correlation between at least two of the final

particles.

Since our target particles are always nucleons, the use of 7 and

7 as primaries allows us to perform formation experiments on baryon reso-

nances of strangeness 0 and isotopic spin 1/2 or 3/2. K primaries will
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form resonances of strangeness -1 and isotopic spin O or l*.

It is clear that the use of formation experiments allows in many
cases studies more systematic than those possible in production experiments.
In particular, one can make a real use of the theoretical definition of a
resonance. In a production experiment one has to rely on a practical defi-
nition : a resonance is represented by an anomaly in some invariant mass
spectrum, provided definite quantum numbers (spin, parity, etc.) can be attri-
buted to this anomaly. In formation experiments one can use readily the
partial wave theory of interactions. Consider the scattering amplitude Te

in a channel of given./g and J. Te is given by the following expression:

n9218 N
Te = ‘~—_ZET——— (1)

where & is the phase shift and 7 (a real number) the absorption parameter
(for n = 1 the reaction is purely elastic, for n = O there is no outgoing

%
wave )

If one plots Te on the complex plane, 1 and § have the simple re-
presentation of Figure 1. Conservation of probability imposes that the point
representing Te should be inside a circle of radius 1/2, whose centre is
on the imaginary axis at a distance 1/2 of the origin. This circle is called
the unitarity circle. As the energy of the primaries is changed, the point
representing Te will move in the plane. 1In the case of a purely elastic
resonance, the representing point will describe the unitarity circle, passing
rapidly (as a function of the energy) and in a counter-clockwise direction in
the upper part of this circle. The energy at which the point crosses the
imaginary axis (Re Te = O) defines the resonance energy, at this point
é = 900. Causality limits the velocity at which the circle could be des-
cribed in a clockwise fashion and one considers having a resonance only if

the upper part of the circle is described much faster than the lower part.

# This does not cover all the possibilities of formation experiments. K+
primaries could form hypothetical baryon resonances of strangeness +1.

2
Antiprotons could form mesonic resonance of mass larger than 2 ceV/c .

¥* This does not mean that there is no elastic scattering. In the case of

n = 0 the elastic and inelastic cross sections are equal.



-3 - CERN/TC/PHYSICS 65-24

If inelastic channels are open, n will be smaller than one, and a
resonance will be representedzoy a trajectory like (a) or (b) in Figure 2.
Note that in the case of frajectoryv(b) the point of crossing the imaginary
axis‘is under the centre of the unitarity circle and at resonantkenergy one
has ¢ = 0 and not 900. The elasticity of the resonance, defined as the ratio
of cross section
i2 f 2

is smaller than 1/2. Finally, we can have even
’

g elastic _ ‘1 - ne
o total ~ 2-21n cos

more complex situations. Trajectories like (c) and (d) in Figure 2 will indi-
cate the presence of a resonant state added to some non~resonant background
in the channel of the same {f and J, since they can be represented by the
addition of two amplitudes, one varying slowly with energy (the background)
and the other describing the characteristic circle of a resonance. In the

case of (c) the background is attractive, in the case of (d) it is repulsive.

NUCLEON RESONANCES

.Let.us now turn our attention specifically to.nucleon resonances

(baryonic number 1, strangeness 0). Table I presents the list of these reso-
nances as it could have been written at the time of the Dubna Conference.
Since this paper does not pretend to be a complete survey of baryon reso-
nance, it is clear that the tables of o0ld or new resonances given in the text
should not be taken as the last best word on the actual values of mass and
width of resonances. For instance, recent mass determinations have been

sacrificed to keep its familiar name to a resonance.

TABLE T

Spin and parities which were @hen likely but are now sure, have been under-
lined. In the column marked %? , 1 have marked the partial wave of the 7P
system which corresponds to the resonance. For the four heaviest resonances
the spin and parity are not yet known experimentally. It is interesting to
remember that these four resonances have been all discovered by the same
technique; measurement of total cross sections as a function of energy. This
is in fact the crudest sort of formation experiment. The high statistical

accuracy which can be achieved with this technique, makes it possible to

PS/5124/rmn
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discover resonances‘(or ta least bumps) in spite of a very considerable

- . +
non-resonant background. This is illustrated inthe (n P} total cross section
in Pigure 3 where the last I = 3/2 resonsuce of the table appecars as & small

(1)

ripple on an otherwise smoothly decreasing curve .

Results of phase shift analysis:

The most exciting results, however, have been found in a region
of energy that any non-specialist would have thought completely explored
since long, the region of mass between 1000 and 1800,MeV/c2 corresponding to
incident m-mesons of less than 1000 MeV kinetic energy. This is essentially
due to better and new experiments on differential cross sectiongand polari-
zations which, incorporated into phase shift analysis, have yielded surprising
results.

It is well known that phase shift analysis has been used since the
beginning of m-neson physics and the discovery of the first nucleon resonance.
Since then, however, nothing very new has come out of it (at least for non-
specialists like me). Very recently two groups, Bareyre et al.(z), bonnééhie
et al.(B), have published the results of phase shift analysis extending from
300 MeV up to 1000 or 1200 MeV kinetic energy. Another paper on the same
subject has been presented at this Conference by Bransden et al.(4>. The
salient features of these independent works are the following :

1) All the groups claim that their solution is unique,

2) The solutions are in good qualitative agreement,

3) They imply the existence of many new resonances.

One must remember that the great difficulty of partial wave analysis is to
arrive at a unique solution. Therefore, qualitative agreement between two
independentEE works represents a very good corroboration indeed. The techni-
ques used by the groups were quite different. Bareyre et al. used only
experimental results. At each energy different possible solutions could be

found, of which all but one could be eliminated by continuity arguments from

*® Independent means that the techniques used to find the solution were
different, the input data, i.e. the experimental results, are however

the same.
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one energy to another. Donnachie et al. used dispersion relations to make
predictions from one energy to another. The fitting procedure uses these
predictions as well as experimental results as input data. Bransden et al.
use the method of "energy-dependent" phase shifts, in which an ad hoc
(parametric) dependence of the phase shifts as a function of energy is assumed
and fitted to the experimental data.

Figure 4 represents the most striking features of the Bareyre et al.
solution in a plot similar to the one of Figures 1 and 2 (the scale is
double here). The trajectories of scattering amplitudes corresponding to
old resonances (Table I) are shown by dotted lines, full lines correspond

to what is new. We see on this graph evidence for three new resonances:

One of isotopic spin 3/2, spin and parity (1/2)7; 831, which
appears on top of a strongly repulsive background.

One of isotopic spin 1/2, spin and parity (1/2)+; Pll'

One of isotopic spin 1/2, spin and parity (5/2); Dy

The last rescnance is very inelastic. The phase shift goes to O.

Not represented on the figure is the behaviour of the Sll wave,
for which the phase shift passes through 900 at a kinetic energy correspond-
ing to a mass of 1700 MeV/c2 for the nP system, n being close to one. This
will correspond to a nearly elastic and very broad resonance.

As already emphasized, the results of the other groups are essen-
tially the same. One should however notice that Bransden et al. do not
mention the resonance 831. Furthermore, Cence(B) has published a -phase shift
set between 300 -~ 700 MeV kinetic energy which does not show either the Pll

resonance nor even the old (1518). This shows how difficult it is in

A P13
this type of work to be sure that one solution and only one solution, corres-
ponding to the true facts of nature, exists. However, the analysis of Cence
suffers from two defects:

1) It does not go above 700 MeV, a region which seems essential for the
e¢limination of spurious solutionsg 2) Some of his phase shifts, essentially

P seem to be in gross disagreement with dispersion relation predictions.

13’
We will therefore assume that the surprising unanimity of three

groups is a good enough proof for the existence of a resonance and agree

that there exist four new resonances whose characteristics are summarized

in Table II.
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TABLE IT

It is only fair to note that the P11 resonance at 1400 MeV/c2 is not enti-
rely new. It was discovered at CERN in a production experiment which I

shall discuss later, and a P resonant behaviour in this mass region has

(6) 11

been announced by Roper .

It is interesting to see what corresponds to these resonances, if
one considers total cross sections only. Figure 5 shows a plot of total
cross sections for n+ and © as a function of energy. The "old" resonances,
1518 and 1688, are visible on the 7 P curve at energies 600 and 900 MeV,
1920 on the n+P curve at 1300 MeV kinetic energy. The new 831 appears as
a shoulder on. the n+P curve at about 850 MeV, but it is almost impossible
to find any sign of Pll(l400) (energies 450 to 550 MeV) and, of course, nobody
could guess that the peak at 900 MeV corresponds to two resonances F15 and
D,_, with the same mass, same width, same spin but different parities, more

15 .
or less coinciding with a third, broader resonance Sll'

The 1688 peak:

Since phase shift analysis is a rather abstract technique, it would

be instructive to see on what sort of experimental evidence one can analyse
a situation as complicated as the superposition of the Fl5 and D15 resonances.
Here the most recent work has been performed by a group of the Rutherford

(7)

Laboratory. Duke et al. measured differential cross sections for n+ and
T scattering on protons in the momentum interval 875 - 1579 MeV/c. They also
studied polarization effects by use of a polarized target. Angular distri-

butions were expressed in & series of Legendre polynomials:
= C .
f(@) % n Pn(cos @);

Asymmetry parameters, corresponding to polarization effects, were expressed
by series of the type: sin @ g:DnPn(cds e).

Pigure 6 shows the behaviour of the coefficients 05 and D4 in
the momentum region corresponding to the 1688 bump. One sees that 05 repro-
duces very accurately a resonant behaviour, whereas D4 remains close to

zero. C_ and D, are interference terms between waves of different

5 4
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parities%. Their complete expression in terms of partial-wave amplitudes
is rather complicated but we w. 1l somehow oversi [ lify them by takir ; into
account only F5/2 and D5/2 anfs. Then C5 is proportionalkto Re F§/2 D5/2
and D4 is proporti;nei +o Im FE/Q D5/2@ The experimental results show us
that the product F5/2 D5/2 has a large real part and a negligible imaginary
part. Therefore, the complex amplitudes F and D must be connected by a rela-
tion F = kD (k real and constant) in this energy region. If one of then
follows a resonant trajectory, the other one does too. The argument is
rather strong. Indeed, one could reproduce the behaviour of C5 by supposing
that F5/2 is resonant and D5/2 is purely imagin&ry but constant with energy;
in this case the coefficient D4 will have the values indicated by the line
on the D4 plot of Figure 6. This is certainly ruled out.

It is important to mention that it is the same experiment, at higher
momentum, which firmly established (7/2)+ as the spin and parity of the

I = 3/2 1920 resonance.

The problem of the 1400 resonance:

As we have mentioned before, the first evidence for this resonance
did not come from a phase shift analysis but from a production experiment.
Cocconi et al.(8> at CERN were studying quasi~elastic proton-proton scatter-
ing (i.e. inelastic processes av iesavively low momentum transférs), Tea~
surements of the angle and momentum of the fast proton (after reaction) give
the mass of the recoiling nucleon system. It is a missing mass experiment.
The authors found evidence for the excitation of several of the known
nucleon resonances. However, at very low momentum transfers, the peak
corresponding to the 1518 resonance was replaced by a peak at 1400 which
moved towards 1518 at larger and larger momentum transfers.

At the time of +the discovery of this affect and of its subsequent

(9
confirmation by a Berkeley group' ', it was not clear if the effect was dus:

* In polarization effects one has to consider terms cf the type Y%— Y%' ;

tetween

1 .
¥€' has the form: ng =4 - YO » therefore interference

o d cos® P '
waves of different parities correspond, for polarization effects, to
Legendre polynomials of even parity.

PS/5124/rmn
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to a genuine new resonance
to a peculiar shift of the 1518 peak by the constraint of
low momentum transfer, or

to a special kinematic effect of double NaE 1238 production.

(10)

New results by Bellettini et al. seem to rule out all explanations other
than the true resonance. Figure 8 shows the results obtained for 19.3% GeV
incident protons. The bump in missing mass spectrum, very pronounced for
small scattering angles, disappears rapidly at larger angles without being
shifted. The kinematic explanation is ruled out because at an energy of

19.2 GeV for incident protons the kinematic effect will produce a bump at a
mass very different from 1400. Figure 10 shows a summary of the results for
all angles for P-P collisions and P-D collisions. The peaks are very well
pronounced. There is a shift between the proton peak and the Deuterium peak.
This shift, however, can be explained if one assumes that the Deuteriﬁm, with
one nucleon excited in the resonance, recoils as a whole; a process which

is not unlikely at momentum transfers of the order of 100 MeV/c.

One could ask the question: why is it assumed that this‘resonance
is identical to the Pll resonant state of the phase shift analysis, the
masses are not even quite the same ? The answer is of course that this iden-
tification is only tentative wut likely to be ccrrect. Indeed, é & 3neral
theory of high-energy interactions predicts that excitation processes'at
very low momentum transfers will produce preferentially states which have
the same quantum numbers as the initial non-excited state. A Pll resonance
has the same quantum numbers as the proton. Therefore, it is indeed likely
that it is the state excited in the CERN experiment. '

Why low momentum transfers processes happen preferentially with:
no change of quantum numbers for the partners of the reaction, caﬁ be
understood in the following way: If we observe a process in which a target
proton is excited and request at the same time a very low momentum transfer,
we favour strongly processes in which the angular distribution of the
incident proton after reaction will resemble diffraction scattering. A
wave of diffraction scattering at high energy is an "almost plane wave!
made out of many partial waves, up to a high.f , With definite relationship
in amplitude and phases. If the excited state of the target proton has

the same spin and parity as a stable proton, all that is transferred from
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the 'incident proton to the target proton is energy, but no angular momentum.
Thereiore, it is likely that 11 partial waves - 111 receive the sar :

small perturbation, up tc angular momenta where they cease to be effective
in the interaction, and they are therefore likely to produce a diffraction-
like scatteriﬁg of the incident (non-excited) proton. On the contrary, if
the excited state had a high spin, the different partial waves would be
affected differently by the production of the resonance and no diffraction-
like scattering is to be expected.

This is an interesting feature of these excitation experiments,
which might make then very important for the discoveries of new nucleon
resonances. Indeed, all these resonances have been found by formation
experiments. In this case the cross section for formation of the reconance
is proportional to (27 + l), The consequence is that at higher and highor
energies, in the presence of larger and larger background, we will be able
to find only such resonanceswhich have high spins. This could lead to pre-
mature conclusions of correlation between spin and mass. - Excitation eipe-

riments for which the situation is reversed, might be a way around that

[9)]

difficulty.

HYPERCN RESONANCES

Table ITL shows vie status of vur knowledge at the time of th=z

Dubna Conference.

TaBLE IIL

Here again, spin and parity assignments which were tentative and are cgta--

blished by work reported here, are underlined. In fact, most of the neir

facts on hyperon resonances concern spin and parity. There are, of ccurse,

strong indicetions of new resonances, but they are in the form of buwps in

need of some confirmation, and according to thée principles described in the

introduction, I shall not discuss them here.

The spin and parity of ‘zi (1405)

— )
Dalitz and Tuan el have pointed out that the reaction K - P =t

low energy could be represented by use of S-wave scattering length in a

zero effective range approximation. There are, of course, two scattering
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lengths for the I = 0 and I = 1 channels, and both of them are complex,
since there are inelastic charnels like K P — Z++n‘, etc. If the real
part of the I = O scattering length is negative and larger (in absolute
value) than 1.3 Fermi, this will correspond to a bound state of the K P
system with a mass sufficiently close to 1405 to allow identification and
this will make the spin parity assignment of Y§(1405) (1/2)—. The first
analysis along this line was made by Humphrey and Ross ! . However, as is
usual in partial-wave analysis, there were two solutions. The one indicating
the existence of the bound state was very much favoured by considerations
on the relative phases of the I = 0 and I = 1 states, but the errors on

the scattering length remained large and therefore the existence of a bound
state, and even more its identification with the resonance 1405, were not
firmly established.

In a recent paper in Physical Review Letters, Kim(13) has published
the results of the same analysis based on much larger statistics. 13,500
events of the reactions K P going into all possible two-body channels
(elastic scattering, charge exchange, Y + = production) were measured for
momenta of K ranging from 80 MeV/c to 300 MeV/c. Two solutions were found
by least square fits but one is much better than the other. Solution I has
aq, 2 of 85 for 98 degrees of freedom, Solution II has a‘ﬁ,2r; 196.

Figure 9 illustrates how Solutions I and II fit the experimental
data, the superiority of Solution I is evident especially in the Z~/Z+
ratio. Furthermore, in Solution I one has ~+% - \*3-¢< 0 (difference of
phase, at threshold, between the I = 0 and I = 1 channels) which is the
sign required by continuity arguments between K's of 400 MeV/c and O
momentum, and also by the variation of the Z~/Z+ ratio between Hydrogen and

<14))°

Deuterium capture (Schulte and Capps Therefore, Solution I has to

be accepted: in this solution the I = 0 scattering length is:-

a_ +ib = /71.674 T 0.038
+ 3(0.722 £ 0.040)7 Ferni
and there is a bound state whose mass and width are given by the

following formulas: -
£

MB = MP + MK - )
2uao
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@ is the reduced mass of the proton-K system.
2 .
5 = (1410 2 1) wev/cy [ = (37 % 3) MeV/e®  which are to
be compared to the agreed value of 1405 and 35. As pointed out by Kim, the

This gives M

introduction of a non-zero effective range will bring the mass of the bound
state closer to the mass, 1405 MeV/cz, of the Xm resonance. We must there-
fore conclude that the 1405 resonance can be described és a bound s-state

of the KN system and has therefore spin-parity (1/2)_;*

#  Purist could still find a flaw in the argument. Indeed, in the absence

of polarization measurements, angular distributions only do not distin-
guish between P1/2 and 81/2 waves (Minami ambiguity). In his short |
letter Kim does not mention polarization measurements and does not dis-
cuss the ambiguity. The resolution of the Minami ambiguity can be seen
by the following argument. At very low energy one can have an S 1/2
wave alone, but it is very unlikely to have a P 1/2 wave alone. BHven if
the P-wave were dominating, the S-P interference would give, in angular
distributions, a cos © term which is not observed. This argument is
evidently superior to the single-minded argument that close to threshold
there are only S-waves, which is not always correct (see P soattering).
By the way, this argument also eliminates another possible interpretation
of the experiment. There might indeed exist two resonances at 1405 -
1410, with about the same mass and same width (a not unlikely situation
if we remember what we have learhed in nucleon resonances), but in this

case interference effects should be observed.
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Isotopic spin, spin and parity of the resonance 1765 and 1815

This is a good example of how a complicated situation can be
analysed by formation experiments making full use of the properties of bubble
chambers to'identify and separate different channels.

Total cross section measurements of K on nucleons had revealed
the pfesence of a broad bump in the mass region 1815. Comparison between.

K P and K N cross sections indicated that this bump. corresponded rather to
an isotopic spin I = O.

(15)

K +n — K+ P+ n with K of 1.5 GeV/c on deuterium, found a peak in

Later on Barbaro-Galtieri et al. , studying the reaction
the K P mass distribution at 1765 MeV/cZ, which they conclude was genuine
and not an 1815 resonance distorted by the available phase space. They even
proposed quantum number assignments which are confirmed by what follows.
Nevertheless, the situation needed clarification.

Two groups attacked the problem almost simultaneously. One in
Europe (Armenteros et al.(16)), a CERN-Heidelberg-Saclay collaboration, and
one in Berkeley (Birge et alu(l7>). Both groups used essentially the same
technique: formation experiment in a hydrogen bubble chamber with K_, at
momenta covering the region of the two possible resonances. The Berkeley
group took only seven different momenta, the European group 20 different
momenta. None of the groups has yet completed its.analysis.  Nevertheless
they were able to arrive at definite and therent conclusioné. Both groups
agree that in most,of the mixed channels (I=0and I = 1)'thé 1815 apﬁears
much more clearly as a peak than the 1765, which most of thé time reéembles
more a shoulder than a peak. The peak at-1815 appears aé rather narfdw,

{7 =50 or 40 MeV/c2, in contrast to the original total cross-section expe-
‘riment. . Therefore, it is probable that what is seen at 1765 must be bne
-(or several) resonances. v ‘

Both groups have studied the angular distribution of the «charge
exchange process -
K +P_5K° + 0N
and analyzed it in terms of Legendre polynomials

f (8) =7 CnPn(@)

(their notation is 4 instead of C ; to keep some coherence with the

nucleonic part of this talk I have used C).
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Both groups agree that terms in C4 and 05 are strong in the

region of 1765 and 1815, the terms larger than GS are compatible with O.
Therefore, both resonances must have spin 5/2 and opposite parities, since
the interference term 05 is strong. Furthermore, while in charge exchange

05 is negative, in elastic scattering it is positive, which indicates that
the two resonances have different isospinsﬁ.

In what follows we must consider the two groups separately. The
published results of the European group concentrate on the study of the
resonance 1765 in the channels

K_+P_~>Z++n—+no

5+ n+ + ﬂo

A+ n+ + 1+ no .
They first found that these reactions are dominated by the presence of
the resonance Yf(lSZO) invthe Z+n_, Z_n+ and An+n~ mass spectrum. This
is showh.in Figure 10. TFurther evidence of the presence of 1520 comes
from the fact thét the brénéhing ratio of decay of that resonance into In
or Amm is as expected.' If one selects events for which the In or the Anrm
nass lies in the region of 1520, one caﬁ study the reaction
‘K— + P == Y§(1520) + no which is a pure I = 1 channel, Figure 11 shows the
variation of cross section for that reaction (results for final decay “f‘
Y§(1520) into Em or Anm have been separated),

The errors on individual points are rather large but there are
many points and_the resdnaﬁce‘behaviéur is evident ‘around the region
1765 (pk-ﬁ; 940 MeV/c), whéré;é theéé”is nothing in the region P = 1040
MeV/c corresponding to the mass 1815. Therefore, there is a resonance
I =1, the best value for mass and width being M = (1755 t 5)’MeV/02,

/7 = (100 ¥ 20) Mev/c?. |

The fact that the 1765 reéonancé decays into Yf(lSZO) + 7 not

only determines its isospin as 1, but allows also the determination of

its parity. We know 2lready that its spin is 5/2. We know that

¥ The result on elastic scattering has been obtained by a group from

Chicago University which collaborates with the European group.

PS/5124/rmn
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Y§(1520) is a (3/2)— particle. Therefore, if we limit ourselves to

partial waves of the smallest possible 4? we will have the following

predictions:
S1f 1765 isc : the wave of the decay system Yf(1520>+no
is a:z
§— : wave’
5 p
+
g . - d wave

The resonance 1765 with spin 5/2 is formed out of a K-meson of spin O

and a proton of spin 1/2° Therefore, it is formed in an aligned state

L 1/2 ] -1/2 (the line of the incoming K-meson
é/ or ;Z being the z-axis of quantification),
5/2 5/2

The subsequéht decay in Y§(1520)+n0 will have different angular distri-
butions v.s. this axis of guantification if it is on a p or a d-wave.

The experimehtal histogram is shown in Figure 12, and compared to the
expected theoretical curves, one sees that a p-wave, corresponding to the
assignment (5/2)-; is strongly favoured. : _

Furthermore, after‘decay‘éf the 1765, the Y§(1520) is.also aligned,
this alignﬁenf depeﬁdé also on the parity of thé 1765 and will show in the
angular distributioﬂ of the decay of the 1520 in % + m. Here the best
axis of reference is the normal‘to the plane of production
K+ oy Y§(1520) + no. Figure 13 shows the experimental histogran for the
decay of 1520 compared to the two theoretical predictions for different parities
of the resonance 1765, Here again, (5/2)” is favoured,

Of course the two angular distributions have been analyzed in
terms’ of Legendre polynomials in order to eliminatc what can be subjective
in a judgment by eye. The result is decisively for attributing (5/2)-
to the 1765 resonance. |

From What was said on the study‘of charge exchange and elastic
scattering, the assignmeﬁt

1765 I =1 i (5/2)" has for consequence

1815 I =0 3" (5/2)" .

This result coincides with the one obtained by the American group using

It
i

it
1

a similar but not identical method.
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This group studied particularly the reaction
K + P A + at + 1, which is 2 mixed channel I =0 and I =1, Figure 14
shows the cross section for this channel. The 1765 is at best a shoulder
but the 1815 is clearly visible {from the fact that the reaction K + P__o,
A+ no; which is a pure I = 1, has no enhancement in the region of 1815,
the assignmenth = 0 for 1815 is established). If we consider the
An+ or Am mass ih‘the region where the An+n— has about the mass 1815,
we observe the pfgéencg of the Y§(1385) in the majority of the cases.
This is exhibited by the Dalitz plot of Figure 15. One therefore observes
the reaction |

K+ P —= 1815 —= Yf(1385) .
One can therefore make exactly the same reasoning as previously. 11815 is

strongly aligned

- 5/2
is a (3/2)+ particle and not a (3/2)_ like Yf(1520), Therefore, we have

%¢+1/2 or t;,‘;fg to begin with. However, Yf(1385)

the following predictions:

if 1815 is: the wave of the decay system YT(1385)+R
' is a:
(5/2>+ P wave
(5/2)" d wave .

Therefore we have to measure the angular distribution of the decay product
YT(IBBB) vs. the line of the incoming K . Since the channel Y§(1385)+n
is not a pure I =0 channel,'we have to subtract the background of I =1
which is obtained from a Deuterium experiment:

K+ N = 1 (1385)+n .
Figure 16 shows the experimental result. In (a) the shaded histogram shows
the I = 1 contribution to be subtracted, in (b) there is the histogram

after subtraction, folded around cos (6 %) = 0. Here again the p-wave

KY
is favoured and therefore 1815 is an I = 6, JP = (5/2)+ particle from
which one infers

1765 is an I = 1, J° = (5/2) particle

in perfect agreement with the previous results.
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. *
The parity of the Yi‘@66®:

In .the preceding section we explained how similar but not abso-
lutely identical methods gave the same conclusions for the spin and parity
of two resonances. Here we are going to see how identical methods can give

(18) in a production experiment

contradictory results. The Y?l660 was found
; (19)

as an enhancement in the An system, amongst others. Bastien and Berge
concluded from a formetion experiment that the spin of YT(1660) was most
likely 3/2; later on a group at the University of Californiea (Los Angeles)
(Tader~2adeh et al.)<2O>

distribution and polarization indicated (3/2)7 as the most likely spin parity

made a formation experiment. A study of angular

assignment. However, statistics were poor and the group remained cautious
in its conclusions. At the Dubna Conference the results of a similar ex-

(21)

periment (K_+ Pué?‘Ao + no), nade by a Brookhaven group , with ten times
as many events, were presented. The conclusion was that the spin parity
assignment should be (3/2)—. However, the authoré’pointed out that they
had no clear evidence for the formation of the resonance. All that could
be said was that in the momentum region, corresponding to the formation of
the resonance the coefficients representing the angular distribution and
the polarization of the A were characteristic of a D3/2 wave and not of a

P wave. The absence of a striking resonant effect for the reaction

K§£2P—{7z\~+ n° is not astonishing since now results seem to indicate that
the partial width for the decay of the 1660 resonance into K+ porh+ WO
are both small. Therefore, the result on the parity remained still incon-
clusive.

Recent results on the 1660 resonance come mostly from the
following reactions:
K 4 -2 7 +7 +71

—

- - + +
K + Py +71 + 71 47 .

They have been presented by a French-English group (Lévique et al.)(22>,
who used K of 3 GeV/c dnd 3.5 GeV/c moments, & Berkeley-Illinois group

(23), momenta of the X 2.45, 2.65, 2.7 GeV/c, and a
(24) |

(Eberhard et al.)
Brookhaven group (London et al.) , K momentum 2.2 GeV/c.
The groups agree to say that there is a clear formation of 1660

in the reactions mentioned. It appears in the two systems of positive
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charge Lo+ n+ + n+ and Z+ + n+ + n_, but not in the system of negative
charge. The production of the 1660 ig strongly peripheral and a cut in
momentum transfer gives quite a pure sample of the resonance with small
background contamination. Both Brookhaven and Berkeley-Illinois agree

that 1660 does not decay frequently into a Inm three-body channel, but that
this decay goes most of the time in two steps

Yf(1660) —= Y§(1405) I

L—"7 g+ + o

L~§ 5o+ nf .
Figure 17 chows the evidence of Eberhard et al. (2) represents the histo-
gram of the invariant mass of the Z+n— system in the decay
1660 ~~3 Z++n—+h+. The concentration around 1405 is clear. (b) is the histo-
gran for the Z+ﬂ+sysfthhe distribution agrees with what is expected if
Z+n_ is in the 1405 resonance. C(Clearly, if the decay of 1660 was a pure
three~body process ruled by phase space, the two distributions would have
been identical.

The evidence is not sco conclusive for the an+n+ systen
(histogram (c)), since both R+'S can be in the resonance. Nevertheless,
the experimental distribution is in agreement with a superposition of
(a) and (b).

The fact that I have not quoted here the European group does not
mean that they disagrec with the others, but only that they have published
nothing on this particular topic. There is, however, a point to worry about
already. Both American groups find in the decay of 1660 a ratio 2+/Z—
of the order of 2, whereas 1 would be expected if the decay went always
via the Yf(l405). Therefore, there must be a background which interferes
strongly with this mode of decay. Furthermore, for the data of the Euro-
pean group, the situation is reversed (Mulvey's discussion at this Meeting).
Thercfore: either somebody is wrong or the background changes rapidly with
incident K momentum.

We now come to the guestion of parity, assuming that the spin
is 3/2. The systen Z++n++n— is not of very great interest for that study.
Theoretical predictions for relevant distributions are very similar for
parity + or ~ and an experiment will require great precision to decide
between the two hypothesis.

PS/5124/rmn
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~ The situation is (Qr should be) very much better for the
Z'ﬁ+ﬂ+ decay. Here the two identical m-mesons must obey Bose statistics,
a constraint which enhances the difference between what is expected if
Yf(l660)-is a (3/2)+ or a (3/2)" particle.

One can see, at least qualitatively, how this happens. DBose
statistics requires that the (2n) system has parity + . Therefore, if
YT(1660)has parity - , the I must be on a p or f wave relative to the (2n)
system., If the Y§(1660) has parity + , then the ¥ can be on an s wave,

Therefore, configurations of the type: "Energy of the I small,
the two n's go in opposite directions", will be suppressed, if YT(1660)
is a (3/2)— particle, by the effect of the p wave centrifugal barrier.
This will not be the caese if spin and parity are (3/2)+2

The fact that most of the decays go via the intermediate step .
Y§(1405) + m will tend to wash out the effect. This is simple to under-
stand. If the Y§(1405) were a very long-lived particle, the spectrum of the
Y would depend solely on the angular distribution of the decay of 1405
in its own centre of mass and on the width of 1660. This statement does
not imply, of course, that the n's will not obey Bose statistics any more.
It means simply that if two identical particles are emitted very far away
one from the other, the fact that their wave function is symwmetric or anti-
symmetric has no observable consequence.

Since Y§(1405) has a sizeable width, the parity of 1660 still
had an influence on the final state Z—n+n+, but it is less strong than
expected for a direct three-body decay.

The European group disposed of 25 events of decay YT(166O>'”“57,
Z_+n++n+ . From a likelihood method and from comparison with Monte Carlo
generated events, they concluded that the odds are 100 to 1, that
5Y§(166O) is a (3/2)" particle.

The Berkeley-Illinois group has 49 events. TFrom a likelihood
nethod and from comparison with Monte Carlo generated events, they con-
cluded that the odds are 100 to 1, that YT(1660) is a (3/2)° particle 11!
This group however has not yet published this result because they think
that the question of interference effect, apparent in the Z+/Z— ratio

nust be clarified.
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The results of the two groups are shown in Figures 17 and 18. It must be
emphasized that these histograms are put here for illustration of the
problem. The conclusions are based on the likelihood method.

In Pigure 18 one sees the histogram of the distribution in energy
of the I for the data of the European group. The same histogram is repro-
duced twice in comparison with the theoretical curves for Y§(1660) being
(3/2)- (top) and (3/2)+ (bottom). The dotted lines ropresent the theoreti-
cal expectations for the direct three-body decay. The solid lines are for
the decay via Yi(l405). The difference between the two types of decay is
clearly visible.

Figure 19 (top) shows the result of the Rerkeley-Illinois group.
Here the parameter is the angle between the two n's. The theoretical curves
are for decay of 1660 via 1405. Only 25 events (out of 49), for which the
n's have almost equal energies, were used for that histogram. These are
the events which are most sensitive to the parity assignment and the
effects of Bose statistics.

To summarize this section we must conclude that the parity of
Yf(l660) is still unknown. The method of analysis via the Z_+n++n+ seemed
very good. But either one of the groups has been the victim of a large
statistical fluctuation or the method is hampered by strong interference
effects with an energy dependent background. In which case another method

has to be found.

CONCLUSIONS

From ali I have said in this talk many points should be evident to
everybody. Formation experiments culminating in phase shift analysis are
a very powerful tool for the study of baryon resonances. They are not a
universal tool, they will dissimulate resonances of small elasticity, or of
high mass and small spin. Production experiments will have to be performed,
either in bubble chambers or in missing mass experiments.

Another fact appears as very striking. Bubble chambers have
made significant contributions only for hyperon resonances. There have been
bubble chamber works (not reported here) on nucleon resonances, but they
were mostly concerned with mechanisms of production. Clearly, this cones

from the fact that hyperons are much more suitable for bubble chamber work
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than nucleons. Nevertheless, the situation should change. DBubble chambers
should contribute to the study of inelastic channels of nucleon resonances.
They should help in the study of the highest resonances. This will be
difficult by any technique since the background is 10 times as large as
the effect. Nevertheless it is to be hoped that this background is mostly
peripheral, then formation experiments and study of non-peripheral decay
channels might help in the determination of spin of these higher mass
resonances.

Therefore, the finael conclusion is the usual one: there are many

interesting experiments to be done and to be reported at future conferences.
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Table I

Nucleon Resonances (Old)

1 3

= T = — = = —

S 0o I = S 0 I :

ey | / 1

»f }F) i / A g? i [

. 100 5t

D 2 8 1 60 2 38 125

13 5 151 L 6 P33 5 123 125
5 o~

Fis 3 1688 100 Pa 5 1920 170

2190 200 2360 200

2640 360 2840 400
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Taple TI'F)
Nucleon Resonances (New)
_ _ 1 _ _ 3
S = 0 I = 3 S = 0 I =5
7 2 -1
é}P M { 4 E%P M [
1t .1’
3 1400 200 S5 3 1690 230
-
= 1700 300
2
-
5 1688 100

(%)

It is difficult to find the parameters of a resonance from the circle-
This has been attempted only by Donrachie et

For 1400 I have

like trajectory of Te.

al. for 831

put the numbers given by Bellettini et al. in the work discussed

and their numbers figure in the table.

later, phase shift analysis seems to give systematically a higher

1450 or even 1480. and S on the table

15 11 the numbers

nass, For D

are rather my guesses.

(25)

Not included is the resonance postulated by Hendry and Moorhouse

for S at 1510 MeV/c2 close to the n threshold. There seems to be

11

unanimity about the behaviour of the S wave in that region, but I

11
was unable to make sure that all authors would agree to interpret

it as a resonance.
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FIGURE CAPTIONS

Graphical representation of the scattering amplitude Te, the absorption
parameter mn and the phase shift .

Typical resonant trajectories of Te:
(a) resonance with elasticity greater than 0,5
(b) resonance with elasticity smaller than 0,5

(¢) resonance with an attractive non resonant background of same spin
and parity

(@) resonance with a repulsive non resonant background of same spin and
parity.

The ﬂ+p total cross sections in the region of the 2840 resonance.

Trajectories of certain AP scattering amplitudes.

Total cross sections of n+p and n—p.

The behaviour of 05 and D4 in the region of the resonances at 1688.

Missing mass plot of the quasi-elastic scattering P + P for different

angles of scattering.

Missing mass plot for P-P and P-D quasi-elastic scattering experiments.

Comparison of cross sections for K P interactions at low energies with the
solution I and II of Kim's analysis.

Evidence for Y (1520) in the reactions
K +P—> L +71+7
K +P —_ A+ 7+ T+T
for ¥ of 850 to 1100 MeV/c momentum.
Cross section for the reaction
K+ P —> Y (1520) + 7
Evidence for the resonance 1765.

Angular distribution of the decay_of the resonance 1765 into Y (1520)+n .
Compared to the predictions for Yl 1769/ 5/2 and 5/2

Angular distribution of the decay of Y (1520) referred to the normal to the
plane of production K + P—s ¥ "(1520)°+ -
Cross section of the reaction
K +7P —_ A+ n+ +
Evidence for the resonance 1815.
Dalitz plot of the decay of Y*(1815) into mx.

Evidence for the prescnce of Y ( 355) .
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Figure Captions jcont’d)

Fig. 16  Angular distribution of the decay of Y§(1815) into Yf(1385) + T,

(a) The shaded histogram is the background in the channel I = 1,
(b) Comparisor to theoretical predictions after substraction of
background.

Fig. 17 Evidence for the decay of Y?(1660) into Yf(1405) + o
(a) Mass of Z+n~
(b) Mass of T x
(c) Mass of Z—n+

Fig. 18 Distribution of the energy of £ in the decay of YT(1660) into
T +7 +7n (Lévéque et al.).

Fig. 19 D%stribution of the ingle+¢ between the two m 's in the decay of
¥1(1660) into 2" + n' + m (Bberhard et al.).

The bottom histogram is for the angle n+n_ in the decay Z+ + ﬂ+ + .
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(a), the continuous curve represents our best fit, de-
scribed in the text: the dashed curve is the estimated
contribution of non-A{1405) events. On (b) and (c), the
curves represent the expected distribution if all events
are due to the A(14085) rescnance,
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