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SPIN DEPENDENT EFFECTS IN =N AND NN INTERACTIONS

INTRODUCTION

The spin dependence of elementary-particle interactions has onnOCCeSiOn»'
been referred to bj theorists as producing "inessential complications" in
various calculations. FPFortunately, a number of high energy‘physiciste (in-
cluding myself) have derived gainful employment iﬁ recent years from the

source of these "inessential complicafions".‘ In these lectures I would like

to discuss some of the experimental and theoretical considerations that are

pertinent to the study of spin—dependent effects in nN and NN interactions.
In the first part of this lecfure I prdpose to outline thevbasic formaliem
end to discuss the experimental,situafion in nN'Scatteringvat energies Where'
resenance production is‘important. The emphasis in the second paft-will
shif£ to the exﬁefiﬁentai and ﬁheoreticeirsituation at high.enefgies, and

in particular we shall focus our attention on the "crucial" tests of high

~ energy theories afforded by the study of various spin-dependent quantities

in #N and NN scattering.
I. Spin-Dependent Effects in xN Seattering ih Energy Region Where Resonances
are Prominent.
‘eA._ Introduction: All of the possible types'of experiments.one can 4o
by:elestically ecattering pions on nucleons can be summarized:by

the equation:

3 : _
I . : ' : - oy
To < o, >p = ZDW <o, > | (1-1)
_ o v=0 ‘
where I = the scattered intensity
IO= the scattered intensity when the initial state nucleon

is unpolarized
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o, = (go,gi,czfca)jwhgré‘_oo is the (2x2) unit matrix 1

. and cl,.gz,,c3f“are‘the three Pauli spiﬁ matrices.
the suﬁscripté f and i refef to'thé final and ihitiél states
respectiVely. |
The operator D is éométimes référred to as the Depolarization

- Tensor. For ekémplé, Djo g = 1,2,5 Wéuld rgfef to fﬁat

experiment in which the 3 cqmponent5~of £he véCfor polarizé-
tion of the.hucléon ianhe’finél'state are_determined'whén |
the initial state is ﬁnp5Larized.v Siﬁilarly D, would describe
the experimenfvwﬁerejﬁhe targefiprotoﬁ isvpdlarized dlong the
A direction and:méasurement'is.médeiQf‘the.final proton's
polarization in the "k"*direction.'

A.ﬁ:explicit repres_enta‘tion for D can ‘be written if -one chooses a specific

form for the M matrix which acts on_the:ihitial stéte to produce the‘fihal,

- state. (M, which is a function ofbenergy and angle, is an operatof in the:

spin space of the nucleon.) D is related to the M-matrix by ﬁhe eqﬁation

1 4 : o
Duv =3 Sp(MUvM cu) . 3 (152)

!

For example; let.us chooge the parity conserving form
M=ol + iHg.n | (1-55
where G and H are functions of,c.m.'energy ana angle, 1 is éhe
2X2 unit matrix, oen is the;compoﬁent of the‘spiﬁ operator in
the direction normal to the scattering'plane,‘i.e.
D o o '
A ki X £

e
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Ei is the momentum of the nucleon in the .c.m., before scatter-
ing R
Ef is the momentum of the nucleon in the c.m. after scatter-

ing.
We will use a coordinate system such that ais along the +y axis,
Ei is along the +z axis, and Ef is in the x-z plane at an angle

& with respect to the z axis (see Fig. 1).

¥y axis out of paper.

TR

i

Fig. 1.
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Then the depolarization operator can be written

.

X | C) () - P 2{
vhere I, = |G|2 + |H)? | IpB = 2Re at
* S 2 2
I, = 2Im GH ) Iy = |6|® - [g]

Note that tﬁéfé are no elements of D conneéfing the (o,y) components
Qith the (é,x) cdmponents. This_ié a conéeduencevof parity conserva-
tion in stfbhg interactions which has‘been’built into our fOrﬁ for

‘M. (1 éhoose the rather odd order of iabeling the elements of the
matrix writﬁen above to show thevbloék-diagonal nature of the D-matrix
when parity is conserved.) _NOfe aiso thét17¥l means that there is no . | .7

spin flip,nwhereas y= =1 implies that there is dnly spin fiip.
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The various elements of the D-matrix can be directly related to the

so-called Wolfenstein parameters.l For example,

P = Déy (Polarization Parameter)
D= Dy (Depolarization Parameter)

These parameters have a relatively easy interpretation in terms of

experiments. For example,

/’.' \‘..
e A N
- T
e .
* ,hb
D =P=q«

sz = =B Dx‘x = ¥ sing + B cosd

where'@ indicates spin direction in x - z plane, ® indicates spin

direction in y - direction (out of paper):

Fig. 2.
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From the experimental viewpoint, every time,yOu'see a spin.invthe'ini-
tial state it means a polarized target is‘néeded; Anytime you see a-
spin in the final state it meaﬁs an additional scattering is needed.in
order to analyze the polarization.“Thus mmy'P(an bé.determined By»
experiments involvipg a single scatterihg, and~then-§nly~if~a polarizéd;
target is used. This iS'tﬁe reason that most:of the experimental effort

-up to now has focussed on measurements of the polarization parameter.

bne slight cdmplicafibn arises due to'the fact fhét_most”high enérgy
experiments up>to no& at leaét have been done ndtvih tﬁé center-of-mass
but in the laboratory qyétem.. The polarizétion cbmpoheﬁts normal to
the scattering plane are unchanged under transformatioﬁ from,center-of-
mass to laboratory frames of reference. On_the_Other hand care must be
taken in relating measgfeménts in the lab involving'polarization compo-
nenfs in the plane of the-scattering to the components of the depol@ri-
zation tensdr which ié-defined in thé cénter-Of-mass. 'In 195ﬁ WOlfenstein1
introduced the parameters A and R to describe the change éf polarization
in the plane of the scattering of the incident particle in the lab. In
N scattering where the incident projectile has spin zero if is conven~

ient to introduce analogous parameters Ar'

ecoil 214 R

recoil‘whigh refer

instead to the change of the target nucleon's polarization in the plane

of the scattering. (See TFig. 3.)

'Arecoii = =B cos (QféL)_+ 7 sin (@'@L) - (T=h)

Rrecoil = 43 sin (@—(DL) + 7y cos ((D-'QL) | o (1-5)
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G_eomet-ry for measurement of depolarization .paraméters B
R and A, using a polarized target. '
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hand, have indicated significant spin dependent effects even at the

Recently at Saclay a'polarized target_has been put into operation which
allows the target protons to-be polarized in the scattering plane.2 _ g

With this target measurements -‘are now belng started at CERN to measure

Arecoil _nd'Rrec01l It is clear that measurements of IO, P, Arec01l’

and R, ., should allow one to evaluate ]GI, |H| and their relative

phase, and thus to determine the M matrix up tonan'overall phase.

Experimental Considerations - Although it is possible to measure the

‘polarization parameter, P, by analy21ng the polarlzatlon of the recoil

gnucleon by rescatterlng it, 1t i5 more common these days to use polarlzed

targets for this type of experiment. A large number of rather pre01se

v measurements.of‘P‘have been made in recentvyears-for;both:ﬂfp and n_p

scattering in the energy ‘region between about 200 MeV-and 12 GeV. The
results of the experlments below about 2 GeV when comblned w1th the
wealth of elastic and charge-exchange differentialhcross-sectlon data
have allowed various grou§33-8to make meaningful phase~shift analyses

of pion~nucleon scattering. _The results of these analyses indicate |
that therstructure of many pion-nucleon resonances is much more complex
than had been thOught.previously. Several of these resonances, instead
being a. single resonant state; actuaily consist of 2 or 3 or even 4
different resonances, allbwith about the same resonant energy., We shall

return to this point later. The higher energy experiments, on the other

highest energy (12 GeV) so far measured, and this fact has caused much

speculation among devotees of Regge Polology and other high energy models.
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Especially noteworthy in this regard are the beautiful i p — x n polari-
zation measurements made at CERN.9 We will deferﬂthevdiSCussion'of

these results until the second part of this lecture.

Th%ﬁ experiments have severél common féatures. They éll involvelnse of
a polarized target. They all use rather complex.orréys ofndetectofé |
to identify the events in which aipion'io el;sticallynscattered frOm'a
free proton. Many of them use .similar data reduction techniques. Let

us briefly summarize the most relevant aspects of_thesevtechniqUes.

1. Polarized Target: Until now all these experiments have used "impure"

 targets, i.e. targets containing only a very small probortion of
hydrogén. In fact, SO far.thé.target material has been avsnbstance
,cailed LMN (LneMgB(N05)12°21+HEO) in which only 3% of the Weight of

"~ the target is dué'to free pfotons. These pfotons are polarized by
the so-célled "Dynamic Method",lqéiich involves use of high uniform
magnetic fiolds (~ 20 ¥a&), Tow temperatures (~ 1°K), microwaves to
induce electronic transitions (~ll watt at 70 GHz), and Nﬁclear
Magnetic'kéoonance techniques to determine the polarization of thei
targot. The important points for the high-energy physioist who nses .
these targets are tnat (a) the magnitude of the polarization of the
free protono is. typically about éo%, () the sign of the‘polariiation |

‘can be reversed easily without réversing'the magnetic field by simply '

shifting the frequency of the microwaves by about .2%, (c) these;'

targets aré typically about 3 to 7 cm in length and 1 to 2 em in
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diameter, (4) the‘densify'of the free‘hydrdgen is about the same as

that of pure liquid hydrogen, (e) too much radiation destroys.the

: polarization in these targets, i.e. the polarization is decreased

by a factor of ~ 2 after the target is irradiated by lO12 protons/cme.

As an example we show a schematic draw1ng of the CERN Polarized

7

Target 12 40 Fig. 4.

Detectors:

" One of the main problems associated with the use of these targets

is how . to iSOlate clearly those soattering'events coming from the

free protons from the more copious background arising from the

" interactions of the incident beam with the heavier nuclei in the

target. In the case of elastic scattering, Where there are two

stable particles in the final state; kinematiciconstraints snch as
coplanarityvand correlations beﬁween the angles of the'scattered 4
particles are usually sufficient to make a clear dlstinction between
these types of events. The detection scheme used at Berkeley (see
Fié. 5v)vis typical of many that have been used., Basically it con-
sists of a large number of overlapped seintillation counters above |
and below the beam to deflne the directlons of the outg01ng particles.
A coincidence between counters above the beam line:and those below
tne beam line define an event. For elastic eventsja definite corr-
lation exists between thei"u?" counters and the "gown" counters which
define the polarAand azimuthal‘angles. For the inelastic‘and quasi-

elastic processes this correlation is washed out (mainly because of
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the Fermi momentum of the target nucleons). For—example in Fig;.6-
we show how the elastic events stand out of the background when
a correlatlon is made between one of the upper counters and all

of the coplanar down counters. By careful choice of counter geome-~

tries one can achieve peak to background ratios ranging from 1 to

more than 10 depending on the relative'cross sections oflthe elastic
and the beckground events.v'In principle'it is alsofpoesible to

1solate the elastic events by measurlng both the direction and

momentum of only one of the partlcles. This method has been used

(e:g. see references 13,1k) but the. separation so far achleved

has been significantly worse_tnan in,thefcoincidence;methoi,_due N
fo the fact that fhere.is one_less kinematic constraint'imposed.
The question naturally arises; why use IMN when pure hyarogen
exists? There is no basic reason why pure hydrogen cannot be 
polarized; howerer, there'are some bractical'difficulties.v The
method usualiy proposed is called tne "brute force" method beceuse
it only involveS'use of very low.temperature,‘say T ~ .Olo, and
very-hiéhvbut not necessarily very uniform nagnetic fields, say '
2 gauss to make the Boitzmann factor exp (upH/kT) as lerge

as possible (gél is the‘magnetic.monent of the proton).  Then, if
pure ortho-hydrogen is used the_protons'would have a-thermal equili-
brium polarization P = tanh(107( %) T 80%.1° (H is in gauss, T is
in degrees Kelvin.) = All of these conditions (i;e.‘very low tempera-

ture, high magnetic fields, seperation of pure orthohydrogen) have
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Fig. 6. Coincidence rates between & given counter in the upper

array ("up") with each of the counters in the lower

“array ("down"). The peaks correspond to elastic scatter-

ings from the free protons in the polarized target. The

dashed curve shows the normalized coincidence rate when

a "dummy" target which contains no free hydrogen is
substituted for the IMN crystals. -
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been achieved seperately, but up to now no one has'put them ali
tOgether to make a pure hlghly polarized hydrogen target Affen"
words of warnlng before you all rush back to your laboratorles

to try to build such a»device~-molecular hydrogen at low tempere5
ture prefers to exist in the pure parahydrogen form (J=0), and any
orthohydrogen (J=1) converts to'parahydrogen'at the rate'of-abouth
1%/hr with a conversion energy of about 10-2_e,v. pervnoieCuler
“The very 1arge amount of heat.thus producea cauéesueerions problems
in.systeme which are suppoeed_to maintain very loW'temperatnres.
Furthermore there is some question about how long it'wonld take a
~system at_temperaturesvlike_.OlOK'to,come‘to,thermel‘equilibrium
under e "brute force" technique. The time constant is likely to

many days (though probably not in the case of orthohydrogen).

Practical coneideratzons involving relaxation times and difficulty
of injeoting a sufficient concentration of paramagnetic impurities
into pure orthohydrogen have so far stymied efforts to appiy'the
"Dynamic Method" to pure hydrogen. On the other hand thevfree‘

~ protons in uubstances like CEHSOH’ glycerol, and others whlch con-

tain 51gn1f1cantly more hydrogen than IMN have been successfully

polarlzed by the dynamlc method, and it seemsllkely that these
targets will oupplant the LMN targets in many future experlments._

Furthermore, methana(CHh) appears to be an excellent target mater-

ial for the "brute force"_method.



. parameters.

_16;

One mofe‘aSpect of the experimental method used in these eXperi-
ments deserves comment. Ih‘éevefai of these experimeﬁts'a émgll
cbmpﬁter on-line has‘béén'of very greaﬁ‘uSe. 'Not-ohly_gan it di5
gest the’iﬁformation ffom the large numberiof'counters‘(ofteﬁ > 100)

quickly; but it'gan also present up-td-daté'summariés of various

'intefesting'sub-Sampleé of the data. In‘ﬁhis way one'can:COntinu-

ously check the performance of the system both from a technical

point of view and with respect to the phySics reSults‘being obtained. .

Results.
The polarization parameter, P, is related to the scattered inten- .

sity and the polarization of the target by the equation

B - ' :
p(o) = TZEL?T %r%}%r%%% (1-6)
where I+(9) and I-(G) are the intensities of the pions scéttered
at an angle 6 from protons which are polarized in the "+" apd>the
"." directions respectively, andiJPT[ is the mggnitude_of the polari-
zation of'thévtarget. A typical fésult for.P(e)bfor nfp scattering’

is shown in Fig. 7. These measurements cover essentially the com-

plete angular inﬁérval_and-are statistically quite accurate., Measure-

menits of this type exist at many energiés at closely spaced inter-

vals for both x' and © in the energy range .2 ST <2 GeV. (Fig. 8)

" These measurements have been combined with differential—and total-

cross-section results,inCIuding'those for charge'exchange’écattering,

in extensive programs to determine the nN phase shifts and absOrﬁtion

W
1
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z " P scatter-
ing at 1.352 GeV/c as measured at Berkeley.2
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MOMENTA (0.6~2.6 GeVe) AT WHICH POLARISATION EFFECTS
HAVE BEEN MEASURED IN TT-P  SCATTERING
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~  Fig. 8. Summary of momenta where measurements of the polarlzation
a - parameter, P(e) have been made for s°P elastic scattering.
This figure was taken from the report of K. S. Heard, '
Cs R. Cox, J. C. Sleeman, P. J. Duke, R. E. Hill, W. R.
‘Holley, D. P. Jones, J. J. Thresher, F. C. Shoemeker, and
. J. B. Warren, presented at The Heidelberg International
Conference(l967) .
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C. Phase Shift Analyses:
1. Formalism:
The partial-wave decomposition of the scattering amplitudés,canA

be written

= % 2{)[(£+1)T + ZTZ_]P (cose) (I-7)
£=0
=TJ;- L[ JP (cos8) ‘ | : (1-8) '

where £+ stands for j = £ * 1/2 and

2id
Lt
, N+ -1 ' , o
Tzi v are the partial wave amplitudes.
upn is‘the absorption parameter (nz =.1 corresponds to no

absorption, nﬂ = 0 corresponds to compléte absorption)

8,4 1is the phase shift for the state j = 4t 1/2

The partlal wave amplitudes T are conveniently represented in

£x
graphical form by an Argand diagram (see Tlg. 9 )

Im T

Re T

Fig. 9.
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A simple Breit-Wigner resonance can be written

3

m _ X
Te =1
with x = Felasfic/Pto£al (the.e;asth}ty qf-phe resongnce
: which is not the same as absorp-
‘tion parameter 1)
and o )
Eﬁ = the Resonance Energy -
ER - . es :
" "Res - L : e & .
€ = ———?7§—~ | - E =. the energy - -
' | I = ‘the total width of

the resonance

In this'representation-such'é fesohant_amplitude would des~

cribe a circle moving counterclockwise as the energy "E

increases. When E = Epoq the_resonant_amplitude is puré

imaginary.: Thﬁs,;if-there is no background, a resohant

‘ am@litude will haveb6_=00vor 9OO'depending on whether x <’1/2_

or x > 1/2 (see Fig. 10)

- Xe
Re T, =5
€ +1
A

X -

ImnT_ =
© €2+l

tand =

™ |

(1-10)
C(T-11)

(1-12)
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Fig. 10. The elastic-scattering amplitude T_ in the complex plane

{a) For pure elastic scattering (n = 1),

T _ lies on the uni-

tary circle. If the amplitude is resonant, the circle repre-
sents a resonance with elasticity x = 1. (b) Resonant ampli-
tude for x = 0,5, (c) Resonant amplitude for x < 0.5, Notice

that at resonance & = 0°,



-22-

Often a resonance amplitude is superposed on some background.

" In that case the resonant circle will not originate at the

ofigin‘but'somewhere else»wifhin the unitary circle.”® Other
factors suchgés for example enefgy-depéndent widths will fur-

ther distort the picture of a:smoéth.cifcle}‘

" Method

A few words about how the phase shifts are actually determined.

We have seen that the vari¢u$’experimental'measureménts can be
‘directly related to the scattering amplitﬁdéé G and H. These

in turn can be expressed in terms of phase shifts. Thus it is

possible to write‘the experimental-OBServables in terms of
phase shifts. Of course in principle there are an infinite
number of partial waves invoivéd and therefore an infinite
number of phaseé. The usual appfoXimation is to terminate the
phase-shlft_expan31on at_somgsz = £ ;‘t .Typlcally_ﬂ . is

b, The procedure is to cﬁlculate the observables in_terms of

the phase shifts, and to compare these éaléhlatéd values to

the.experimentally'observed ones. A computef,is used to

minimize the quantity .

o o, -e, | -

'X2'='2: o .expo_‘ calc' (1-13)
all i Jexp | '
observables '

where Qj.is the value of the}jtb observable and
o, is the“errof aSQQCiaﬁed_with'the'meaéufement of the

' ;jth observable.
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In the analysis of =N scattefing undertaken by our groﬁp'at
Berkeley we- had to minimize.X2 in a 41 dimensional phése éhift )
space. The 41 parameters break down as follows:

(2 IsotopiC'Spiﬁ-States) x (9 Angular Momentum States) -

x (An n and a & for each state) = 36

In addition we used a normalization paraméter for each of the
. . R do, + +
5 types of experiments used in the analyses i.e. a§<ﬂ P—rx p),

do, - - do, - 0 + + - -
p(n e > ap), gg(a'p»xn), P(ap > x'p) and P(xp - xDp).

" This can be difficult even for a large modern high speed computer.

Results
Most of-the groups involved in the phase shift business use
slightly different methods to obtain their results. These

differences concern mainly the extent to which assumptions

- about variation of phase shifts with energy are put into the

analysis a priori. The main features of the various phase

shift analyses are summarized in Table I.

Lovelace in his report at the Heidelberg Conference summarized

some of the main conclusions with regard. to possible resonant

states of the =l system below 2 GeV. - These results are based

pfimarily.on the veryKdetailed analysis made by the CERN group.

The resonance parameﬁas, wvhich I copied from the blackboard

during the talk of Lovelace, should not be considered final in

the sense that some of the numbers will undoubtedly.change



Table I. Summary of main-featufes-of'vafious’phase~shift{

analyses.

Group _Method ;

,Livermoreab Energy dependent

Saclayh ~Energy independent

London Energy dependent

analysis.,

Hawaii Energy independent

Inpﬁt'Assumptions

o, = ¥ ) an®
2 _ n
. =0 -

-+ Brelt-Wigner
Resonances

" hone

\

Energy dependence

~gpecified by dis-

persion relations

.for inverse amplitudes,

Assumed no resonances

_ent energies.

~Comments

First found Pyp (1400)
"Roper" resonance .

._Aséumptions about

energy dependence of
phases tends to bias
against finding new
resonances. Results
published.

Up to 1.6 GeV.

Many solutions at
. each energy.
" Energy Continuation

made by making smooth

- conniection between

phase shifts at differ-
First
found complex resonant
structure in regions

of (1512) and (1688)

- resonances.

Work
completed. ‘

Some results published.
Work in progress.

Wanted‘to see if exist-
ing data could be satis-

factorily fit with non-

resonant amplitudes.
Found solution which is

" in reasonable agreement

with experimental obser-
vations. However, results
disagree with spin-flip
dispersion relations.

. Work completed.

(Continued on next page)
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Table I. Summary of maiﬁ features of various phase shift analyses. (Con't)

Group Method Input:Assumptions

'CERN7 Essentially energy Energy Continﬁation

independent analysis made with help of
but with dispersion  dispersion relations
relation input. for partial wave

k : amplitudes.

Berkeley8 Energy independent

Comments -

Most sophisticated
analysis. Up to

2 GeV. They check-

self-consistency of
dispersion relation
input. Results
could be slightly -
biased because solu~
tions are forced to
be in accord with
dispersion relation
input. Have found
18 resonant states.
See Table II.

‘Results published

Up to 1.6 GeV. Many
solutions at each

energy. Energy contin-
uation based on smooth
variation of amplitudes.
made with help of compu-
ter. Uniqueness of solu-
tions not established.
Work in progress. .
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siightly and_some»of ﬁhe fesonént States méy even go away or
néw ones appear. The poinf ié that there afe many resonances--
in fact Lovéléce claims £o see:18-;which wefe discovered through
the phase shift‘anélysis méthod. iThese résulté are summarized
in Table,Ii. Somé of'ﬁhexArgand.diagfams on which these con-
Clﬁsipns are bésed aré:Showﬁ invFigs; 11 to 1% . Everyone of
vfhe amplitudes sho&n reéonaﬁes”at least.onée. The low parﬁial
wave émpliﬁudes,éspeciéilm show~rather curious behaviors and
moré.detailed experimental information ié needed before the

5ié Sll and Pll émplitudes can be considered
:to‘be reliably established. The analyéesvwhich determiﬁed

behavior of the:S

" these quantum numbers are_based in.large measure on the.détailéd

. polérization'mea;urements'déséfibéd above;. The unigueness of
ﬁhese solutions is not yet complétely established; and if would

bé ?ery.desirable ﬁo obtain informafioh on the polariZation.
parameter in charge exchahge;scattering, as well as.on the
Arécoii and RreCoil parameters in elastic ﬁfp.and T P scattering

v inudfder.to fufther clarify the sitpation. .Of theée, the measure-
: meﬁt of P in ﬂ;b ; “n’ éeems toiﬁé the experiment of greatest

interest.

At momenta above about 2 GeV/c phase shift analyses become cumber-
some because of the very large number of partial waves which must
be_chsidéred._ NeVertheless polarizatibn and cross section measure-

ments in this energy région have been used to help establish
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Table II. Baryon States. Teken from talk of Lovelace at the Heidelberg
Conference, September 1967.

Well Established Resonances

Wave . Mass Teot Te/Tiotal
Pas 1235.8 123.7 | 1.0
P 1469 212 . .682
Dy 1527 ’ 118 566
- Dyg 1677 168 R
15 1693 | 134 68
.Sli : 1m0 260 - | | .9}
5.1 - 1808 T Va2
Fa 1933 - - 22k . 387
Gyy . 2250 300 3
Hs 11 | 2ho3 | 275 ' ~.l

Probable Resonances

s o 1535 155 .08

11
D) 1872 - 6% .16
Py 1915 - 32l | AT
Pyy 2025 ~330 o~
P55 2140 ~330 o ~ .25

(Continued on next page)



Table II.
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Baryon States. Taken from talk of ﬁOVe12ce at the,Heidelberg
Conference, Septémber 1967.  (con't) v

‘Wave

11 -
17
19
33

13

Unconfirmed Resonances - .

Mass o Doy : Pe/P{total

120 o 320 . ~a8
2030 o0 ~.15

2300 o T ?

Resénance_lnterpretatioh iﬁ Doubt

1716 | 88 oy
‘2026 | - ""-#OO ' RN a2

~2100 © . o~p00 . ~28
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the quantum numbers of the A(1920) as F57 and the N (2190)

as G' d;8 The conclu51ons1n each case are based on a detailed

17
examination of the coefficients of the Legendre‘expansions for

I

0 and »IOP 3 i.e.

—~
(@
1}
A o
~[>]
:I>

L Pyleose)  (1-1)

I P = 2 Z B, (cose) | L (1-15)
In this part of ‘the lecture I have trled to show how detalled
' measurements of spin- dependent effects in low and medium energy
plon-nucleon scattering have contrlbuted to our understandlng
of these processes. In the next'paft we will examine how vari-
ous‘polarizetion'meaeuIements provide interesting tests of

'_high-energy theories.:
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Spin-Dependent: Effects in all and NN Scattering at High Energies

It has been tacitly assumed by most physicists that the relative impor-
tance of spin-dependent amplitudes decreasés as E - o . This expecta-
tion is based partly on intuition, partly on wishful thinking, and

partly in their belief in various theoretical models. For example,

if high'energy elastic scattering is due to the diffractidn of the

incident wave by a strongly absorptive target (black disk) no spin-

dependent effects are expected.l9 'There are other’models--primarily

Regge Pole models--which make definite predictions about the dependence

‘on energy of various polarization effects. Many of thesexeffectseare‘

expected to vanish at high energy, but often for reaeons_ether than

the fact that there are no spin;dependent amplitudes. I am referring

here to constraints 1mposed by phase condltlons and by factorization.

In thls part of the lecture we shall dlscuss how polarlzatlon experl-
ments at high energy can be used to test the predictions of these

theoretical models.

Before proceeding further we must specify what we mean by spin-depen-v‘
dent amplitudes. As Phillipsl9’2gpoints out the definition is some-
what ambigous. It depends on the representation chosen to specify |

the scattering matrix, M.

. - A ’
We can write M =G + iHoen _ (1-2)
or equivalently M =f + fec'ﬁfcoﬁi v (TT-1)
where G = fl + fgcosev
H = f251n9

Excellent review articles dealing with thls subject may be found in

references 19, 20, and 27.
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It ié alsd possible to expféss'M in ferms'of,helicity amplitudés.al
.In this éase the spin‘of.eagh'partiéle is guantized aloﬁé.its'direc-'
tions of motion,,instead of being quéntizéd along some fixed axis in
thevcentérFéf-mass systém; The émplitudes £, aﬁd.f , are the helicity
non-fllp and the hellclty flip amplltudes approprlate to plon-nucleon
.scattering. |

++ (fl+f )cos6/2 gf_ = -(fl-fg)sine/é | (11-2)

A third repreéentation'for M involves use df Dirac Spinors i.e.,
M=-A+iByq sk 4k, (1I-
SATABRG, g = Ry a | (11-3)
again it ié possible to relate the non-fllp amplitude, A, and the flip

| amplitude.B to the amplitudes in terms of the other representations.

The 'point is that usually spin—independence‘is associated with the

vanishing of H; f_

42 or B. These definitions are not equivalent,

. except at t=0 where they vanish in any casé. ‘What we want to investi-
gate now are the theoretical predictions and the experimental conse-

quences for the behavior of'thése-amplitudes at high energies.

, 2 ' '

Rarita, et al have made predlctlons for A oil and Rrecoil'at 20 GeV/c
'for TP scatterlng as a function of t using & Regge Pole model which
‘flts well ex1st1ng data, but with the further assumptlon that the

varlous types of spin flip amplltudes vanlsh. These predictlons are

- shown in Fig. 1k.

A thorough discussion of the Theory of Reggg Poles will be présented'



~ond  Ryecoil

Avecoil

L B R B S e~ T
Avecoil

AU W SN N WO VUSRS GRS N M
O 0.4 - 0.8 1.2
' 2
-t (BeV/c)
Fig. 1h. Arccoil and Ryecoil for some simple models ét EOBeV/c:
. a) B=0 (solid line,———) (b) H=0 (dash-dot line,
-u-.#u-.-) and (c) £,-=0 (dashed line,-------- Y. TFor
A

recoils (&) and (c) effectively coincide.
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.in'other lectures.. Heme we shéll be concerned with onlyvthose'aspects
-whlch bear dlrectly on questions: involv1ng spln-dependent effects.

The Regge Poles which can be exchanged in #P elastic scatterlng are
the P (Pomeranchuk or Vacuum Pole), the P' and the g. There are two
vessentlal comments to be made regardlng these poles (l) Each one has
a spln fllp and a non spin- fllp part (for deflnlteness let us use
helicity flip, f_+,‘and hellclty oOQ-fllp, f++); (2) The phases of
both the flip and non-flip'pafts of a given:pole arevthevsame;'ih fact,

the signature factor

completely specifies this phase for the ith polé. Thus, in the case
‘ where one pole is dominant the polarization parameter, P, which is

proportlonal to Im(f++f +) will be zero.

Let us consider the charge emchange process' Tp -~ ﬂ9ﬁ . Thebonly
simple Regge Pole which can be exchanged in this reaction is the p.
The differential cross section, do/dt, as a function of t, shows a -
dip near £;6“ and shows a minimum at t = - 6(GeV/E . See Fig; 15.
Thls behavior together with the small dlfference in the total n o]
and w P cross sectlons, is well explalned by Reggelzed-p exchange'lf
one assumes a large spin-flip amplitude, p_ .v Using this simple
model one would predlct that the polarlzatlon.parameter in charge-
exchange scattering at high energies.should vanish. In fact 1t does

not (see Fig. 16)59 The p pole must be interfering.w1th.something else

in order to produce this polarization. It is not Cléar-at present what



‘.57_

10 T 3
N
E
]
]
5.9 BeV/c |
v E
Y :
S i
~
> - h
@ -
I NORN 3
£ : 3
2 - .
o - 1
K
T } 0-4:—' ‘%
Qa C -
N - ;
s [ 1
107 3
: 1
1 l
107 .
- E
f :
]
1 ! ! I SN
0 0.2 0.4 0.6 . 0.8 1.0

-t (BeV/c)?

Fig. 15. n= + p ~ P +n differentidl cross sections at 5.9,
9.8, 13.3, and 18.2 BeV/c. Curves are predictions
of Regge Pole fit of Rarita et al., UCRL-17523.



BlQ.

“IH

+10 1 E

E 59 Gev
pouAmISATION 7 12 oev
du neutron T2 - TN : o

+304 )

o

+20! T

| - -o4 . -02 Tf°nsfer*

‘Fig. 16. Rreliminary results of the Saclay-Orsay-Pisa collaboratlong to meagure Polarization
in #=p - elastic scatterlng at 5.9 a.nd ll 2 GeV/c. ' oo T



-39-

this "something eise" is--it may be a Regge cut, it may be secondary
trajectories, it may be resonance tails--further experiments at higher

energies ére needed to clarify this situation.

. .
What about polarization in s P elastic scattering? The non-flip and

flip amplitudes appear in the combinations

+ : : '
TP _ ' -
£F —72++ +19;+ T, (Ix h)
- ' ' l
f_+1° =P, Pl Fe, - (II-5)

Experimental. measurements at 6, 8, 10 and 12 GeV?%ndicate that these
polarizations are positive.for n+p and‘hegative for x p in momentum
transfer region |t|_<_L(GeV/c)2 (Fié. 17). These facts suggest fhat
.perhaps the amplitude Py (which is known to be large from the charge

exchange analysis) is interfering with (12+ #’JL+); i.e.

. -
PeI o (P, +P.) .
If this were a true picture of what was happening we would expect to

find equalbaﬁdlqpposite polarization in n+p and n-p scattering. In

fact although the signs are indeed opposite,.the magnitudes are not
equal. Here again the most simple-miﬁded model is not completéLy‘
satisfactory and modifications are needed to bring the phenomenology

into accord with the experimental facts.

We have seen that the fact that the phases of spin-flip ahd non-flip

amplitudes for a singlé Regge Pole are the same makes it very difficult
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to learn anything about the high-energy behavior of these amplitudes
from measurements of the polarization parameter. In this respect

measurements such as A (or some combinations of.

A recoll or Rrecoil- T
these) would be very valuable since-they felate»directly to Ref++f-i‘
and to |f++|2 - |f_+l2 . The first of such experiments ié“presently
undérﬁay at CERN by a group from'Sacla;y2 who is ﬁéing a pqlarized

target made with superconducting coils to'meaSUre_polarizétion‘COmpo-
nénfs in'tﬂe plane of the scattering. MEasuremen£s of the polafiza-
tion parameter, P, at high energies wiil be ﬁseful‘in clarifying the

questions relating to interference between various poles (or between

poles and cuts).

There is another aspect of Regge Pole theory which relates directly
to the study of-spin-dependent.effecté at high energy; namely, factori-

zation. Consider the folloﬁing diagram

The contribution to the scattering
amplitude from the ith Régge Pole
19

can be written

alt)
S

Tiomp = _'éij—é "1(‘0)712(:‘0) é(t) ( 5, (I1-6)




=hoa

,wheré_nl(t) ana‘ne(t) are vertex fﬁnctions characterizing the coupling
of the ReggeAPole to particles 1 and 2. Whéﬁ there is spin they are
spin operators. . The factorizationvproperty refers to the fact that
the scattering amplitude can be written as shown with ni(t) and ne(t)

appearihg separatély;_i.e. Vertices 1 and 2 are uncorrelated.

vThé'point £0 be made here is that since fhe73pin-de§éndende of these

’ amplitﬁdes comes ohiy from the vertex functions the'spin dependence

is factdrizabie; This'has the consequence that a given'Regge pole

' coupies to_a nucleon in exactly ﬁhe same way independent of whether.

it deséribeé P, KP,-pp-or»ﬁp séattering. This‘spin-dépendent‘coupling
dépends only on the Y-momentum transfer, t. When ﬁore'ﬁhén oﬁe péle

1s exchanged the simple_faétorization property‘is no longer true for
the amplitude as a whole, although it is still valid for each pole

separately. Let us examine some the experimental consequences:.

Consider the general case of elastic scattefing of
two particles;.e.g. NN, nN, KN, NN. The follbwing types of experi-
mehts are of interest:

\k 4 Case (a): Mo polarization initially, no polarization

{ ‘ . . _ do '
5%::§i - measured finally. Measurement I’ Gtot.
_ ). y (b): One polarization either initially or finally.
_ jEZED - Measurement: P |

y (c): Partiéle'l Polarized in j direction, before
=D |
Y AN
i 2

scattering. Polarization of particle 1 measured
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in k direction after scattering.
" Described by depolarization tensor, ij
Measurements: D, R, A, etc.

(a) Pérticle 1 polarized in Jj direction before scatter-

S ‘ ing.' Polarization of particle 2 measured in k
A direction after scattering. 'Described by Polari-
1 2 zation Transfer tensor, Kkj

Measurements: D, (or KNN); ete.
(e) Particle 1 polarization in j direction and

Particle 2 in k direction, initially (or finally).

. Described by Polarization correlation tensor, ij.

Measurements: CNN’ CICP’ ete.
§§”% 4 . () Higher correlations, involving more than two
5 polarizations.
,274 51%

Clearly in the case of aiN and KN scattering only experlments (a), (v),

and (c) are possible (the meson has no spin).

Factorization makes the followihg predictions (assuming one pole
exchange only):
(1) P = Bew = Py (= 0 because of phase rgle)

| (2) D '(ﬁN)

1

ij(KN) =.DKJ(NN)' In particular

D(nN) = D(KN) = D(WN) =
rec01l( ) = Arecbil(KN) = Arecoil(NN)
and Rrecoil(nN) = Rrecoil(KN) = Rrecoil(NN)



'Auf

‘0

I

(3) K 4(m)

(L) ij(NN)

0

It will be interesting td see to whatléxteht these predictions hold

. at energies accessible with the SerﬁﬂkbOV'proton synchrotron.

One of the prleems'challenging;the;éxperimehtalists~at Serpukhov is

how to produce the highly polarized'béamé of high‘energy protons needed

to do some of thése<experimehfé. 'Thereais uhfortunately no foolproof

‘way. The following obvious.stsibiliﬁies~exist:

(1)

Install a source of pélariZéq_protOns and accelerate these.

Clearly this would involvejmajOr,modifications~0f the exist—

ing injector. Furthermorg,thére.are'likely to be sizeable

. depolarization_effécts'caused'by”the oscillating transverse .

(2)

components of magnetic field as seen by the protdn‘in'its

rest frame during the a;cceleré,tionvproc.ess.25 More detailed:

calculations are needed before the feasibility of this scheme
is established.

“Produce polarized protons by scattering high energy protons

from hydrogen (or other materials). Here againthe experi-

mental outlook is dim. Figure 18 shows the maximum polari-

zation achieved in pp scattering as a function of energy.

Very small polarizations are likely at TO GeV. As mentioned
above, the theoretical expectations are in accord with these

results.
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Hyperongdecays--Because of parity violation in the deeay of
hyperons, the,nucleons arising from the decay of hyperons
are often strongly polarized. It may be possible to use
this facéﬂio produce low‘intensity beams ofvpolarized nucleons.
However, the'experimental problems are difficnlt.

Backward Scatterlng of s (or K) mesons from protons 1n a
polarized target. In an earller part of thls lecture we
haye»Seen'that'the-so—callede parameter of Wolfenstein
musf be equal.to unity'in'nN scattering. Experimentally
this means that the poisriZapion of the.nncleon before and
after the SCattering_mustrbe the same.’ Thus if a highly
polariZed nucleon:couid be knoeked out of a polarized target
its polarrzatlon component elong phe normal to the scatter-

ing plane will be unchanged. ngh energy polarlzed protons

could be‘produced-by N elastic scatterings involying large

momentum transfers: Unfortunstely7the“cross‘sections are
small so that the'expected'fluxeerili'he low.
Charge exchange Scatterlng np - pn from protons in a polarlzed

target. Nim Byers25 has suggested that theretmurbe appreci-

able polarlzatlon in hlgh energy np charge exchange scatterlng,"

and that 1f this is true then this process could be used to

produce high-energy polarized proton beams. At present there

is no experlmental ev1dence pro or con so that the feasibility

of thls method is not yet establlshed.
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There is one iastvremark to be made, and admittedly it falls into
the catagory of wild.speculation. It would be interesting to test
parity and time-reversal invariance symmetries in processes invol-
ving very high momentum transfers at very high energies. These
processes really probe the innermost structure of these inter-
actions and thé symmetry violations associated with weak inter-
actioﬁs ﬁay manifest themselves in some of these procésses. For
example, it would be relatively straight-forward to scatter high
énergy n-mesons from polarized protons at large angles, énd to
look for pdssible asymmetries in the plane of the scattering; To
test time-reversal invariance at high‘energy one could for example
compare the analyzing and polarizing powef in pp scattering. These

vquantities can only be different if T is violated.

" The study of spin-dependent effects at high energy offers many
'expérimental and theoretical problems; hopefully the Serpukhov
proton synchrotron will allow us to gain a better understanding

of some.of these phenomena.
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