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7P ELASTIC SCATTERING: LOW ENERGY EXPERIMENTS AND PHASE SHIFT ANALYSES
I. INTRODUCTION
I guess the thought of the organizing committee was that before

turning the theorists loose on you it might be useful to review briefly
the experimental situation and the results of the various phase shift
analyses. I will confine myself to pﬂ <e GeV/c . So as not to keep
you in suspense let me summarize this summary with the comments that no
startling new experimental results have been reported during the last
year, although some further cross section and polarization measurements
have been completed. The phase shifters on the other hand have been busy--
50 busy in fact that the number of reported =N resonances has doubled since
the Berkeley Conference of last year. |

| What I would like to do then is first to bring you up-to-date on'
the present status of xP elastic scatteringiexperiments below P~ 2 Gevfé.
Then I will discuss the phase shift situation--the methods used, the results
obtained, and some of the problems encountered by the various groups engaged

in this type of work.
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IT. EXPERIMENTS

A. Possible Experiments

All of the experiments that can possibly be done by elastically

scattering pions on nucleons can be conveniently summarized by the equation:

p)
I<oc >».=1I }:D < g >,
p f o} uv v 1
v=0

where I = the scattered intensity
IO = the scattered intensity when the initial state nucleon is
unpolarized
o, = (00,01,02,05) where o, is the (2x2) unit matrix, 1 , and

01,62,03 are the three Pauli spin matrices.

the subscript f and i refer to the initiai and final states respectively.
Dpv is the depolarization operator which acts on the initial state of
pOiarization to produce the final polarization state. For example

Djo Jj =1,2,3% refers to that experiment in which the 3 components

of the vector.polarizatioh of the nucleon are determined when the
initial state is unpolarized. Similarly Dkﬂ would describe the experi-
ment where the target proton is polarized along the "4" direction, énd

measurement is made of the final proton's polarization in the "k"

direction.

In terms of the M-matrix which acts on the wave function describing

the initial state to produce the final state wave function, D can be written




e

Dy = -32: Tr (MUVM_‘-O‘U) / -;- (M)
An explicit representation for D can be obtained if one choses a
specific form for the M-matrix. For example let us use the oft-used form
M =G4 + ifo-n
Where G and H are functions of c.m. energy and angle,'i.is the (2x2)
unit matrix, Gen is the component of the spin operator in the direc-
tion normal.to the écattering planeg i.e., a = Ei X ﬁf
Ei is the direction of the incident nucleon in the center-of-mass
(2long the +z axis)
ﬁf is the direction of the final nucleon in the center-of-mass

(in x~z plane at angle 6 with respect to the z-axis).

Then D can be written:

N\ i i

& 0 v Z X where Ioa = 2Im GH*
|

0 1 o | 0 0 IOB = 2Re GH¥*

D=y el 11 o 0 Iy = la? - |u)|®

SRR O .

z 0 0 7 B I, = 62 + |m|2

X 0] o | -B 7 The z-x plane 1is the
i scattering plane, y

is the normal to the

scattering plane.
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There are no elements of D connecting the (o,y) components with the
(z,x) components. This is a consequence of parity conservation in the scat-
tering process. (I chose the rathér odd order of labeling the elements
of the matrix written above to show its block diagonal nature when parity
is conserved.) Note also that y=1 means that there is no spin-flip whereas

¥ = -1 implies that there is only spin flip.

The various elements of the D-matrix can be directly related to

the so-called Wolfenstein parameters.l For example

P = Doy =Dyo =Q
D=D_ =1
Yy

A agd R are related to B and y as will be shown below.

From the experimental point of view every time you see a non-zero element
in any of the last three columns it means that that experiment involves
the use of a polarized target. ZEverytime you seé a non-zero element in
any of the last three rows it means that the experimént involves an
additional scattering to analyze the polarization of the final state
nucleon. Thus only P and IO can be determined by experiments involving
a single.scattering. Thié is the main reason that most of the experi-

mental effort up to now has been devoted to measurements of these parameters.

One slight complication arises due to the fact that most high energy
experiments up to now at least have been done not in the center-of-

. mass but in the laboratory system. The polarization componeﬁts normal
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to the scattering plane are unchanged under transformation from center-
of-mass to laboratory frames of reference. On the other hand care must
be taken in relating measurements in the lab involving polarization
components in the plane of the scattering to the components of the depolar-
ization tensor which is defined in the center-of-mass. In 1954-Wolfensteinl
introduced the parameters A and R to describe the change of polarization
in thé plane of the scattering of the incident particle in the lab. In
7N scattering where the incident proJjectile has spin zero it is conven-
ient to introduce analogous parameters Arecoil ana Rrecoil which refer
‘instead to the change of the target nucleon's polarization in the plane

of the scattering. (See Fig. 1.)

Aecoil = B cos (¢-¢L) + v sin (¢-¢L)

Rrecos1l = *P sin (¢-¢L)

+ ¥ cos (¢—¢L)

Up to now only experiments involving measurements of total cross
sections, differential cross sections, and PolarizatiOn normal to the
scattering plane have been reported. However, Arecoil and Rrecoil measure-
ments are'presently underway at CERN by a group from Saclay; These measure-
ments are being made at energies higﬁer than those considered in this report,
- but it seems likely that within the next few years we can expect to obtain .
information on B and ¢y also at lower energies. It should be kept in mind
that A and R-type measurements involve both the use of a polarized target

and the subsequent analysis of the recoil proton's polarization. Consequently

experimental complications are likely to limit the accuracy and scope of these
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measurements for a while at least.

B. New Results 1966-1967

There have been five experiments reported during the last year.

A group at University College and Westfield College, London has measured
do/dt for m p scattering at 5 momenta between 1.72 and 2.46 GeV’/c,2 and for
n+p scattering at 10 momenta between 1.72 and 2.80 GeV/c.3 In Fig. 2 we show
some of these results. The purpose in showing these results here is to give
you some idea of the quality of the data and the angular range covered.

These results are typical or perhaps even slightly better than other measure-
ments of the same type reported by other groups in the past at different
energies.

A group at Brookhaven has reportedu measurements of differential
cross sections in backward directions for both n+p and n p elastic scatter-
ing. These results were presented in one of the contributed papers to this
conference.

+ - .
New measurements of m p and = p total cross sections for momenta

tetween .5 and 2.65 GeV/c have recently been reported. These results, which

are of very high quality, were obtained in a collaborative effort between
Cambridge, Rutherford, and Birmingham at Nimrod.5
Another group,6 also at Nimrod, has made very detailed measurements
of ﬁolarization in x p scattering at 50 different momenta between .64 aﬁd
2.1k4 GeV/E. As you will see in a moment, they did a very thorough job of
it.
The last experiment I want to mention is also a measurement of the

N .
polarization in = p scattering at 36k, #25, 490 and 532 MeV/c at the
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lSﬁ-inch synchrocyclotron at_Berkeley;7 These fesults are not in final
form but are of interest nevertheless because they disagree in places with
.the results of similar experiments reported earlier. In particular the
polarizations in ﬁ+p scattering at 532 and n at 427 MeV/b are shown in
Figs. 3 and 4. Also shown are the results of previous experiments and
the phaée shift fits. It is interesting to point out that although the
data have changed, the phase shifts needed to fit the new results differ

only very minimally from those which fit the earlier data.

G. Summary of Current Status of np Scattering Experiments

In Figs. 5 and 6 we have listed the momenta at which various measure-
ments have been made. It is seen that the differential cross sections for
n+ and n elastic scattering are in pretty good shape, although I would add
that experiments of higher accuracy would be very welcome indeed. This last
statement applies even more to differential cross section data for the pro-
cess n p 7°n. The.results here are not as reliable as one could ﬁish and
further measurements would be vefy useful, especially at momenta of 1180,
1360, and 1440 MeV/c.

With respect to_polarization measurements the gfeatest need obviously
liés in n-ﬁ charge exchange. In the energy region considered here a total
of one measurement, at one angle at one energy (310 MeV) existsl-and even it
is of rather low statistical accuracy. It is worth ﬁoting that charge exchange
polarization results in the momentum region 2 < pﬁ < 5.5 GeV/c have recently
beén reported by a group from Argonne.8 These measurements,though far from

ersy,are feasible and are likely to become more extensive in the near future.
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Fig. 3.

Polarization in x p scattering at 306 MeV as reported Gorn,
et al.T The dashed and solid curves are phase-shift fits
obtained before including and after including the new data.
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shift fits obtained before including and after including
the new data.
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MOMENTA (0.6~2.6 GeVe) AT WHICH POLARISATION EFFECTS
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I think most of the phase shifters here would agree that this type of experi-
ment is probably of greatest interest at present. The polarization parameter
in 7 p eiastic scattering has been very thoroughly measured--especially by
the Nimrod Group6 --s50 that for the time being at least no further measure-
ments are called for. Polarization in ﬂ+p scattering, on the other hand,
.has not been investigated as exhaustively and more detailed measurements
would be welcome. To give you an idea of the quality of the existing polari-
zation data, the results of the Berkeley grouﬁK;t p£=1.552 GeV/c are shown
in Fig. T. These are typical of the results obtained by other.groups at
different energies. A complete summary of references of the published mp
experiments may be found in Reference 11.

It might be worthwhile to try to see if there are any tfends or
patterns to be observed in loocking at these data. There are significant
forward peaks in do/dt for n+p - n+p, T p - % p, and even in T1p - ﬁon.
Generally speaking the first minimum for ﬁ-p elastic scattering is at
t - -5 (GeV)2 whereas the corresponding minimum for n+p elastic scatter-
ing is somewhat wider, say t ~ -.6 to -.8 (GeV)2 . The polarization
results near t = O usually show Pﬂ+ > 0 whereas Pﬁ_ is most often nega-
tive. The first zero in the polarization parameter for both ﬂ+ and n
almost always is closely correlated with the position of the minimum of
the differential cross section. Typicélly it occurs somewhat before the

cross section is at its first minimum.
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Polarization in w~p_scattering at pp=l.352 GeV/c as reported by
Chamberlain, et al.lO
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An examination of the relevant Legendre coefficients in the expan-

sions for IO and IoP’ i.e.,

2hmax

2
I, = A 2 A, P,(cos 6)
£=0

2hpax-1
IOP = Xe zz. B P;(cos )

£=0
is often useful in trying to get a rough idea of some of the main qualita-
tive features of the data. The gquantum number assignments for the A(1924)
as F57l%and the N*(2190) as Gl715 were initially based on a detailed
study of these coefficients. Generally speaking, however, the very large
numbér of partial waves involved in these scattering processes make it
difficult, if not impossible, to untangle all of the various effects from
a study of the Legendre coefficients alone. It is really only through

detailed phase shift analyses of the data that the behavior of the partial

wave amplitudes with energy can be established.
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D. Experimental Outlook

| Although this is primarily a theoretically oriented cbnference, a
few words are in order about experimental developments. I will be brief.
It is well known by now that the use of polarized targets has been respon-
sible for much of the experimental progress in sN scattering. Two comments
are in order. First, targets containing significantly more free protons
are being developed and should supplant the so-called ILMN targets in many
of these experiments in the near future. The new targets contain about
fivé times as much free hydrogen as the 5% contained in the LMN crystals.
For eXamplé, Ethyl alcohol seems to be a very suitable material. Second,
. there are several groups trying to develop hydrogen-rich ?olarized targetsl4
using the so-called "brute force" technigue rather than the dynamic method
used in existing targets. Here the object is to make the Boltzmann factor,
upH/kT , as large as possible by using very high fields (B ~ 105 kgauss ),
and low temperatures (T < lO-QJQK). These developments are a little further
off in time, but if realized should find interesting applicability also in
nN scattering.. |

As mentioned previously a_target has beenAc_onstructedl5 in

which the protons can be polarized in the plane of the scattering. Conse-

quently AT

ecoil and Rrecoil re§ults should be forthcoming in the foresee-

able future.
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One other technique deserves a brief comment: Wire Spark Chambers.
With these detectors very precise position measurements are possiblé. The
stafe of the technology here is advancing fast, and it seems likely that the
very precise measurements of angles which can be made with these chambers
will permit very detailed measurements of angular distributions. Automatic
read-out systems are available which should make it possible to do high
statistics experiments of véry high quality for both elastic and inelastic

scattering.

E. Other Experiments

Méinly because of time limitations I will not discuss here the wvery
interesting and extensive results of the ﬁhotoproduction experiments. It
shéuld be kept in mind, however, that these data are very relevant to any
discussion of baryon fesonances. There has perhaps not beer enough effort
devoted to making full use of all available data in trying to extract
meaningful results from existing experiments. We have become too accustomed
t0o analyze the elastic scattering,éxperiments quite independently of the
lphotoproduction results and Qice versa.

The experimental situation with respect to inelastic np scattering
in this energy region will be discussed by Rosenfeld. Detailed information,
especially at the lower energies, will providé useful bounds on some of the
existing phase shift solutions. Partial wave analyses of these experiments
have the drawback that they are all at least to some degree model dependent.
Nevertheless these analyses can be used to check the existing phase shift
solutions and vice versa. I will defer the discussion of this subject to

Rosenfeld.
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ITT. PHASE SHIFT ANALYSES

A. TFormalism and Notation

I had hoped not to have fo go through this again, but there are still
some heretics around who refuse to accede to the dogma of the Basel Conven-
tion. Thej--and THEY know who THEY are--insist on defining 2 as ﬁf X ﬁi .
Burning at the stake is far too mild a punishment for such a heinous offense.
THEY should be buried alive in ream after ream of the computer printout of
their phase shift analysis. Then there are others who despite howls of
anguish from their tortured brethren insist on expressing their phase shift
results as a function of pion kinetic energy. It is difficult to conceive
of a severe enough penalty for the perpetrators of such a sin. Perhaps we
should bug their CDC 6'600 so that it will ignore the middle 5 bits of all
their computer words when they make their analysis. On second thought,
this may not be such a good idea after all--they might get even better fits
to their dispersion relations. At any rate let me make a pleé for some
standardization: Let's use total energy in the center-of-mass to specify

" the phases and the resonant states, and whenever poséible also indicate the
pion momentum in the lab. With respect to ﬁ, can we all agree to use

ﬁ'= ﬁi X ﬁf where ﬁi andvﬁf refer to the direction of the meson in the
center-of-mass before and after the scattering?

The partial wave decomposition of the scattering amplitudes can be
written ©

Z [(£+1)T£+ + ,eTz-]Pz(cose)
£=0

@
n
=

o

ZJ[T£+ - Tg']Pz (cosb)
£=1
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where 4t stands for j=¢ * 1/2 and

nzie . -1
g =T 21

-are -the partial wave amplitudes,

n£+ is the absorption parameter (nz = 1 corresponds to no

absorption, nﬁ = 0 corresponds to complete absorption), and
is the phase shift for the state Jj=4% 1/2.

The partial wave amplitudes Tgt are conveniently represented
in graphical form by an Argand diagram (see Fig.'a);

A simple Breit-Wigner resonance can be wriften

with x = FelaStic/%%otal (the elast1c1ty of the resonance
: ' which is not the same as absorp-

tion parameter 1), and

Res-E
€ = where
P72 :

the resonance energy,

-ERes'é
E = thevcehter-of-mass ehergy, and
I' = the total width of the resonance.

In this representation.sﬁch a resonant amplitude would describe a
'circle moving counterclockwise as the energy E increases. When E=ERes
. the resonant amplitude is pure imaginary. Thus, if there is no
background, a resonant amplitude will have 6=09 or 900 depending on
whether x < 1/2 or x > 1/2 (see Fig. 9). |

Often a resonance amplitude is superposed on some backgroﬁﬁd. -In

that case the resonant circle will not originate at the origin but
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Fig. 8.
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The elastic-scattering amplitude T, in the complex plane
() For pure elastic scattering (n=1), T, lies on the uni-
tary circlé. If the amplitude is resonant, the circle
represents a resonance with elasticity x=l. (b) Resonant

amplitude for x=0.5. (c) Resonant amplitude for x < 0.5.
Notice that at resonance 8=0°.
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 somewhere else within the unitary circle.l6 Other factors such
as, for example, energy-dependent widths will further distort the'
picture of a smooth circle.

The problems of the phase shifter are thus two-fold. In the first
place he must try to find a unique set of phase shifts which satisfactorily
fit all the data at all energies. Then he must endeavor to extract the
various resonance parameters from these results. For those partial wave
amplitudes which describe a reasonable facsimile of a circle when plotted
in an Argand diagram, this problem isn‘'t too bad; but when the partial wave
amplitudes wobble and stagger their way through the unitary circle, it is

" often vefy difficult to determine the resonance parameters, and sometimes
even to know if the amplitude resonantes or not.

In presenting phase shift results we will use the usual notation

for the partial wave amplitudes and phases: For example S

Lop o7 31

refers to 4=0, T=3/2, J=1/2,

B. Methods

Most of the groups involved in the phase shift businesg use slightly
different methods to obtain their results. These differences concern mainly
the extent to which assumptions about the variation of phase shifts with
energy are put into the analysis a priori. The various methods can be divided
into two broad classes--energy dependent and energy independent.

In the energy dependent approach one has some preconceived ideas of
what nature must be like. One puts these ideas into what is usually a some-

what over-simplified mathematical form involving many free parameters
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including the phase shifts. One analyzes all data at all energies simul-
taneously with the help of a computer to find the set of these parameters
which best fit the data. If the fit is satisfactory one has a solution--
if not one usually throws out the parametrization used (or sometimes even
the theory) and tries something new and so on. The main proponents of

17

this method are the Livermore and Chilton (now Durham) g;roups.:L

In the energy-independent phase shift searches only the experiments
within a very narrow interval of energies are analyzed at any 6ne time.
The number of possible acceptable solutions at each energy depends on the
quality and QUantity of the experimental data as well as the number of
partial waves used in the analysis. 1In general tﬁere are many solutions
at the higher energies. TFor example at Pﬁ=l.0 GeV/c the Berkeley group
has at least 45 solutions which can be considered statistically acceptable
fits to the data. At energies below about 400 MeV the solution obtained
at eaéh energy is thought to be unique. In this approach the sticky prob-
lem comes when one tries to make a continuation from one energy to the
next. In trying to choose the "correct" solution at each energy each of
fhe groups uses some sort of smoothness aiterion to constrain the varia-
tion of fhé phase shifts with energy. I.e., the phase shifts or the ampli-
tudes or the observables are expected to vary rather smoothly with energy--
no sharp discontinuities are expected in any of these quantities. The
CERN groupeo makes the energy'continuation with the help of dispersion
relations for the partial wave amplitudes. .They go so far in fact that
at a certain stage in their analysis the dispersion relation constraints

become part of the "input data" (along with the experimental points) which
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the phase shifts must fit. Consequently the CERN solution is very much
smoother than any of the others--their dispersion relations force their
solutions to behave smoothly with energy. I am sure Dr. Lovelace will
elaborate on the methods used by the CERN group in his talk.. The Saclayl9
and Berkeley21 groups are less sophisticated (a.carefully chosen word,
in this case meaning fhat in reality we are probably still too stupid
to fully appreciate the power of dispersion reiations in this type of
work), and consequently we use our eyeballs or the computer tc select the
"smoothest" combination of solutions. This latter approach has the advan-
tage that solutions tend to be less biased by theory. As Lovelace ha§
pointed out it is much better to be biased by a "good" theory than to be
unbiased--nevertheless, the question which always lurks in the background
concerns how valid the theory really is. Keep in mind that there is a
bias in all of these approaches--the assumption of "smoothness" biases
us against finding very narrow resonances or cusp-like phenomena. By
hard experience we have learned that it is very difficult indeed to find
a unigque solution without some theoretical input. The Saclay and Berkeley
solutions tend to be much less smooth than that of the CERN group. There
is.a lot of fine structure which is probably not significant but which
neither the Saclay nor the Berkeley groups have been able to eliminate.in
their énezgy-independent, no-theory-input approach. It seems to me that
the inu# of some theoretical assumptions cannot be avoided completely if
one wants to get a "reasonable" solution to this problem. I think the

approach of the CERN group is probably the closest approximation so far

imadé,to what should be done, although I would favor less reliance on the
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partial wave dispersion relations for the low partial ﬁave amplitudes
than they used.

There is one other energy independent analysis which should be
mentioned. It is the one of the Hawaii group.zzHere an attempt was made
to see if the existing datd up to 700 MeV(Pﬁ=850 MeV/E) could be fit with
amplitudes which don't resbnate. It was a sort of euthanasia campaign
launched by Cence to see if he could curb the population eiplosion of
7N resonances. It was an interesting exercise which indicated that a
reasonably good fit could be obtained to all of the data with a set of
amplitudes shifts which don't resonate (with the exception of A(1236)).
Closer examination of these results showed, however, that they were in
contradiction with disperion relations for the spin-flip amplitudes,
and I believe that the more complete experimental information now avail-
able cannot be satisfactorily fit by this solution.

In Table I, I have summarized the main features of the methods
used and the results obtained in the various analyses which have so far
been feported. I will eave it to Dr. Lovelace to give us his usual

tempered assessment of the relative merits of each of these efforts.

D. New Results
In recent months three groups--Saclay, CERN, and Berkeley--have
reported the latest versions of their phase shift analyses. The relevant
Argand Diagrams for each of these solutions as well as a table summarizing
the present status of nN resonance parameters is shown in Table IT and

Figs. 10 and 11 . TFor the true aficionados we have even prepared a
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Table I. Summary of main features of various phase shift analyses.

Group

Livermore

(a)

Energy Range

Up to Tﬂ=800 MeV
(P, =930 MeV/c,

M*=1630 MeV)

Comments

First found P;;(1470)
"Roper" resonance

Assumptions about
energy dependence
of phases tends to
bias against find-
ing new resonances.
Results published.

(o)

Saclay

_Up to Tﬂ=l.6 GeV
(Pﬂ=l.7 Gev/c,
M*=2025 MeV)

Many solutilons at
each energy.

Energy Continuation
made by making smooth
connection between
phase shifts at
different energies.
First found complex
resonant structure

in regions of (1512)
and (1688) resonances.
Work completed.

Chiltod®)

Up to T _=1.1 GeV
(Pﬂ=l.23 GeV/c,
M*=1795 MeV)

Some results pub-
lished. Work in
progress.

Hawaii(d)

Method Input Assumptions
: nmax
2 T
Energy 8z=k £+l [;Ankn
dependent n=0
+ Breit-Wigner
Resonances
Energy none
independent
Energy Energy Continuation
dependent made with help of
dispersion relations
for inverse amplitudes.
Energy Assumed no resonances
independent

Up to T =700 MeV
(Pﬂ=850 MeV/c,
M*=1575 MeV)

Wanted to see if
existing data could
be satisfactorily
fit with non-resonant
amplitudes. Found
solution which is in
reasonable agreement
with experimental
observations. How-
ever, results dis-
agree with spin-flip
dispersion relations
and with newer, more
extensive data.
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Table I. Summary of main features of various phase shift analyses. (Continued)
Group Method Input Assumptions Energy Range Comments
CERN(e) BEssentially Energy Continuation Up to Tﬁ=l.9u GeV  Most sophisticated

energy inde-
pendent analy-
sis but with
dispersion

relation input.

made with help of
dispersion relations
for partial wave
amplitudes.

(p_=2.07 GeV/e,
M¥=2190 MeV)

analysis. They

check self~consistency
of dispersion relation
input. Results could
be slightly biased
because solutions are
forced to be in accord
with dispersion rela-
tion input. Have
found 18 resonant
states.

Results published

(r)

Berkeley Energy

independent

none

Up to Tﬂ=l.6 GeV
(P =1.7 GeV/e,
M¥=2025 MeV)

Many solutions at
each energy. Energy
continuation based

on smooth variation
of amplitudes made
with help of computer.
Uniqueness of solu-
tions not established.
Work in progress.. .

References:

(a) L. D. Roper, R. M. Wright and B. T. Feld, Phys. Rev. 138, (BL90) 1965.

(b) P. Bareyre, C. Bricman, and G. Villet, Saclay Preprint 1967 (submitted to Phys. Rev.).

(¢) B. H. Bransden, P. J. O'Donnell, and R. G. Moorhouse, Proc. Roy. Soc. 2894 (538) 1966
' (300-70Q0 MeV); Phys. Letters 19, (420) 1965 (7700-1100 MeV).
(@) R. J. Cence, Phys. Letters 20, (306) 1966.

(e) A. Donnachie, R. G. Kirsopp, C. Lovelace, CERN Internsl Report TH.838.

(f) c¢. H. Johnson, thesis, UCRL-17683 (1967).

®
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Table IL n-N Resonance parameters (in MeV).

wave mass htot FeL/ Ttot
Pxz 1235.8 125.1 1.0
Py 1470 210 0.65
D)5 ~ 1520 115 0.55
511 1535 ‘ 120 ©0.35
821 1640 2 180 0.30
D15 1680 170 0.40
Fio 1690 ' 130 0.65
*Pxs 1688 280 - 0.10
*Ds 5 1691 270 0.1k
511 1710 300 0.80
Py ~ 1751 | 330 0.32
*Py 5 ~ 1863 ~ 300 ~ 0.21
- o113 30 0.16
*Pay | 193k 340 0.30
Fao - 1950 ’ 220 o.hov
*Dys ~ 1954 -~ 310 , ~ 0.15
T o 1983 225 ) 0.13
*D15 2057 290 . 0.26
Gip - ~2200 _ 300 0.35

* means new resonance.

The parametérs of the new resonances are taken from A. Donnachie,
R. G. Kirsopp, C. Lovelace, CERN TH.838. Those of the more established
resonances are obtained from weighing the results of the Berkeley, Saclay,

and CERN groups.
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PARTIAL WAYE AMPLITUDES OBTAINED BY THE SACLAY PHASE SHIFT ANALYSIS

Fig. 10.
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Taken from CERN report TH.838. A. Donnachie, R. G. Kirsopp, C. Lovelace, Evidence from sp Phase Shift Anelysis for
Nine More Possible Nucleon Resonances (October 1967).

//////" \\

Solid line -~ Partial wave amplitudes obtained from the dispersion relation results of the CERN group
Dashed line - Partial wave amplitudes obtained from the phase shifts of the Berkeley group.

XBL 6712-6294

‘Fig. 11.
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limited number of copies of the detailed results of each of these groups.
These are available from the authors while the supply lasts. Time does
not permit me to discuss each of these analyses in detail. What I would
like to do, instead, is to point out some of the main characteristics of
each, and then to discuss some of their similarities and differences.
Let's begin with Saclay. Their new results differ from their

25

earlier work in that they are based on more reliable experimental data
and new polarization measurements. Thevnew analysis goes up to 2025 MeV
total mass (Pﬂ=l700 MeV/c). The maximum.orbital angular momentum used in
Emax=4 (¢ waves). They obtained X2=l653 for 1433 degrees of freedom.eu
The vériétion of the phase shifts with energy is quite bumpy for many of
the partial waves, i.e., there seems to be some fine structure which they
are unable to'get rid of. It is not clear at present what, if any, signi-
ficance should be attached to this fine structure. What is clear, is that
up to now they have not been able to get rid of it even though they have
tried pretty hard. Their results, which have been submitted to the Physi-
cal Review, represent the final version of this stage of the analysis. No
further work is contemplated in the immediate future.

The Berkeley results are not finished. They represent the present
status of an analysis which is in progress. The experimental data used
are substantially the same as those used by the Saclay group. Although
zmax=h also in the case of this work, the actual number of parameters
used to fit the data was slightly larger because 5 additional parameters

were used to normalize the 5 different types of experiments at different

energies. In this way systematic errors resulting from improper rormali-
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‘zation of the reported expefimental measurements could be taken into account.
At present this analysis, like that of Saclay, extends to a total mass of
2025 MeV(Pn=l7OO MeV/b). Preliminary results have been reported?l'X2=l79O
for 1466 degrees of freedom.24 The variation of the phase shifts with
energy is comparable in "bumpiness" with that of Saclay, although there
are noticeable differences in the behavior of several of the.partial wave
amplitudes between the Berkeley and Saclay results. Although the proce-
dure used to determine the continuation of the partial wave amplitudes
with energy was quite different in the case of Berkeley and Saclay (i.e.
Berkeley used the computer to impose a certain smoothness condition while
Saclay imposed quite a different condition and did it more or less-by hand),
most of the results are very similar.

The CERN analysis is certainly the most impressive of the lot. Their

results extend to a mass of 2190 MeV (Pﬂ=2070 MeV/c). They go to ﬂmax=u

except at their highest energies where H-waves are used. Some care should
be exercised in using these results. There are two sets of phase shifts
quoted. One is the "experimental" set, which is based on the fits to the
experimental data plus the additional constraints imposed by the dispersion
relations. The second is the "dispersion relation" set, which is simply
the set calculated directly from the dispersion relations themselves. This
latter set by its very nature is exactly as smooth as the\dispersion rela-
tions specify. The "experimental" phases are somewhat bumpier, but even
they seem to be strongly enough consfrained by the diébersion relations in
most cases so és to be much, much smoother than anything Saclay or Berkéley

{

has to offer. The quoted *® 1s bh21 for 4102 degrees of freedom.Eh The
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disparity in the X2 values and the number of degrees of freedom2LL between
the various resulté comes mainly from the fact that the CERN group includes
much more low-energy data in their analysis than Berkeley and Saclay. The
CERN results are publishéd,in preprint formeo and have been reported at
the&HeidelbergvConference.

As a result of their phase shift analysis the CERN group has proposed
a total of 18 resonances including 9 previously undiscovered ones in the mass
region below about 2300 MeV. The resonances in Table II which are not pre-
ceded by an asterik are considered to be well established. Some of these,
like the P33(1258), Dl5(l520), Dl5(l680), F15(1690), F57(l950), Gl7(2200),
811(1710), Pll(1470) are beyond all doubt, although the exact resonance
parameters may well change slightly. Where the energy regions of all
5 analyses overlap these resonances are present in all of them. Sometimes
the exact behavior of the amplitudes in the Argand plot is somewhat differ-

ent, as for example in the case of F_., where CERN and Berkeley are very

37
similar, but Saclay is noticeably different. There is also little doubt
that S51 resonates at about 1640 MeV, although the behavior of this ampli-

tude is rather strange.. The first S,. resonance seems to be presenﬁ in the

11
Saclay and Berkeley results, but missing in the case of CERN. Interestingly
enoggh,'whén the CERN results are used as input to an unconstrained analy-
sis(i.e. no dispersion relations) in 'which the Berkeley data set is fitfed,
the Sll resonance near 1540 MeV reappears. Although this may not be.a
completely fair way to play the game it is worth pointing out that the very
smooth CERN phases all readjust themselves, and in so doing they‘become Just

as bumpy as the Berkeley and Saclay results. It seems that the dispersion
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relations are powerful medicine indeed against such hiccups.

The resonances which are preceded by an asterisk are the new
resonances uncovered by the CERN group.2o It is premature to consider
all of them as well established. Certainly the general behavior of
several of these amplitudes such as, for example, F35, D55, PBl’ and P33(l688)
have common resonance-like features in the CERN and Berkeley analyses.

I believe that the chances are good that these resonances are real. On
the other hand, it takes a lot of imagination and probably some wishful
thinking to see resonance-like behavior in the Argand plots of D55 and Pl5'
Even if all of these resonances were to survive it seems likely that the
gquoted resonance parameters may well undergo significant chahges as more

information becomes available. These remarks are intended as a word of

P

caution'Eg those who would take these results too seriously. One of the

reasons that it is difficult to draw firm conclusions about many of these
new resonances 1s that they tend to be quite inelastic; i.e., thelr coup-
ling to the elastic channel is small. Consequently they dpn't manifest
themselves as obviously as one might like in an analysis of elastic
scattering experiments. The detailed inelastic scattering experiments
now in progress should be of great help in resolving these questions.

A question which often comes up in a discussion like this is:
"Are these phase shift solutions really unique, or are there other equally
good solutions lying undiscovered somewhere in the bowels of the 66002"
The CERN and Saclay groups believe that their solutions are unique. That
does not mean that the existing solutions cannot undergo some readjust-

ments. It does mean, however, that these groups expect the general features
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of their results not to change significantly. The Berkeley group is much
less sure that there are not other solutions in the energy region spanned
by their analysis. For example, only a few days ago they obtained another
solution up to ~1120 MeV/c (center-of-mass energy = 1740 MeV) which fits
the data even slightly better than the solution quoted here and whose
behavior differs in several respects from the usval solution. These
differences concern mainly the elasticities of the T=l/é resonances and
the behavior of Pll above the 1470 MeV resonance. It is too early to tell
if this new solution will uitimately also fit the data at higher energies.
It is possible that if is'only a variant of the existing solution. So far
as the Berkeley group is concerned the question of uniqueness is still open.

In discussing the question of uniqueness one must specify some éondi-
tions which determine when two solutions are really different and when they
are the same. Generally speaking the errors associated with the phase
shifts are émaller than most of us feel they have any right to be. That
is, there are often solutions which differ in several of the phases by
many sténdard deviations-~-and still we think the solutions are essentiélly
the same. It is often as though the hypersurface near the X2 minimum in
the phase shift space is covered with little "pot holes." Perhaps the
assumption of hyperparabolic behavior of X2 as a function of the phase
shifts near Xiin is questionable in such a case. .At any rate two solutions
are usually thought to be the same unless the general behavior of at least

one of the phases is markedly different from one solution to the other.

Again here I would caution the uninitiated to consider the quoted E@ase

shift errors to be smaller in general than the actual uncertainty associated
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with our knowledge of these parameters. As an example of this fact, consid-

er the "fine structure" observed in the Saclay and Berkeley analyses. This
fine structure is usually much larger than the errors, and yet we don't know
yet if suchvfine structure is réally significant. Perhaps we Just have to
try a little harder if we want it to go away.

Let me conclude this survey with the most spectacular result of
all. Most of you are familiar with the view espoused in certain quarters
on the fifth floor of Bullding 50B in Berkeley, that the bubble chamber
represents the ultimate tool of the research physicist. It took a while,
bﬁt I have finally become a believer. And many of you will, too, once
you have seen what I am about to éhow you. Recall the beautiful results
of the CERN group such as those shown in the Argand Diagram for Pll'
(Fig. 12 ) with due apologies to Dr. Lovelace, I must state that his
results pale into insignificance compared to the result I am about to

report. It is an Argand plot of P., from threshold to infinity taken in

11
a bubble chamber. (You can just hear the mouths of the Reggeists in the

audience water at the thought.) The 9 new P,. resonances are shown in Fig. 13.

11

This work was done under auspices of the U. S. Atomic Energy

Commission.
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Fig. 12.

Argand Diagram for partial wave amplitude Pll obtained by the
CERN group.<0
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Bub. Ch. 110

Fig. 43
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about the statistical significance of the various analyses described

here.
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