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SPIN DEPENDENT EFFECTS IN nN AND NN INTERACTIONS

TNTRODUCTION

The spin dependence of elementary-partlicle interactions has on occasion
been referred to by theorists as producing "inessential complications” in
various calculations. Fortunately, a number of high energy physicists (in-
cluding myself) have derived gainful employment in recent years from the
source of these "inessential complications”. In these lectures I would like
to discuss some of the experimental and theoretical consideraticns that are
pertinent to the study of spin-dependent effects in nlN and NN interactions.
In the first part of this lecture I propcse to outline the basic formalism
and to discuss the experimental situaticn in =N Scattering at energies where
resonance production is important. The emphasls in the second part will
shift to the experimental and theoretical situation at high energies, 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 nN and NN scattering.

I. &pin-Dependent Effects in xN Scattering in Energy Region Where Resonances
are Prominent.
A. Introduction: All of the possible types of experiments one can do
by elastically scattering pions on nucleons can be summarized by

the equation:

5
I
-I_o <o, > = ZDW <o, > (I-1)
v=0
where I = the scattered intensity
IO= the scattered intensity when the initial state nucleon

is unpolarized
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o, = (GO’Ul’UE’Uﬁ) where o, is the (2x2) unit matrix 1
and ) Ops 05 are the three Pauli spin matrices.

the subseripts f and i refer to the final and initial states

respectively.-

The operator D is sometimes referred to as the Depolarization

Tensor. For example, D, J =1,2,3 would refer to that

Jo
experiment in which the % components of the vector polariza-
tion of the nucleon in the final state are determined when
the initial state is unpolarized. Similarly Dkl would describe
the experiment where the target proton is polarized along the
“2" direction and measurement is made of the final proton's
polarization in the "k" direction.

An explicit representation for D can be written if one chooses a specific

form for the M matrix which acts on the initial state to produce the finsl

state. (M, which is a function of energy and angle, is an operator in the

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

1 +
s =3 Sp(McvM ou) . (1-2)

For exauple, let us choose the parity conserving form
M = GI + iHo-n (1-%)
where G and H are functions of c.m. energy and angle, 1 is the
2X2 unit matrix, Gen is the component of the spin operator in

the direction norwal to the scattering plane, i.e.



Ei is the momentum of the nucleon in the c.m. before scatter-
ing
ﬁf is the mowmentum of the nucleon in the c.m. after scatter-~

ing.
We will use a coordinate system such that 8 is along the +y exis,

K, is along the +z axis, and k. is in the x-z plane at an angle

i f
© with respect to the z axis (see Fig. 1).

y axis out of paper

x4
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Fig. 1.
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Then the depolarization operator can be written
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Note that there are no elements of D connecting

with the (z,x) components.
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the (o,y) components

This is a consequence of parity conserva-

tion in strong interactions which has been bullt into our form for

M.

(I choose the rather odd order of labeling the elements of the

matrix written above to show the block-diagonal nature of the D-matrix

when parity is conserved.) WNote 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 =T, (Polarization Parameter)

i Dyy {Depolarization Parameter)

These parameters have a relatively easy interpretation in terms cf

experiments. For example,
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From the experimental viewpoint, every time you see a spin in the ini-
tial state it means a polarized target is needed. Anytime you see a
spin in the final state it means an additional scattering is needed in
order to analyze the polarization. Thus only Pean be determined by
experiments involving a single scattering, and then only if a polarized
target is used. This is the reason that most of the experimental effort

up to now has focussed on measurements of the polarization parameter,

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 components normal 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 compo-
nents in the plane of the scattering to the components of the depolari-
zation 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 the plane of the scattcring of the incident particle in the lab. In
nlN scattering where the incident projectile has spin zero it is conven-

ient to introduce analogous parameters A

and R which refer

recoil recoil

instead to the change of the target nucleon's polarization in the plane
of the scattering. (See rig. 3.)

ALccoil = B cos (@-@L) + ¥ sin (@—@L) (I-4)

By = 4 BAE (¢—®L) + ¥ cos (¢-¢L) (1-5)
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Recently at Saclay a polarized target has been put into operation which
allows the target protons to be polarized in the scattering plane.2
With this target measurements are now being started at CERN to measure

A : d R

an It is clear that measurements of I,., P, A
recoil @]

recoil”’ recoil’

and R__ .. should allow one to evaluate Ig|, |H| and their relative

oil

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

Experimental Considerations - Although it is possible to measure the

polarization parameter, P, by analyzing the polarization of the recoil
nucleon by rescattering it, it is more common these days to use polarized
targets for this type of experiment. A large number of rather precise
measurcments of P have been made in recent years for both ﬁ+p and 7 p
geattering in the energy region between about 200 MeV and 12 GeV. The
results of the experiments below about 2 GeV when combined with the
wealth of elastic and charge-exchange differential-cross-gection data

3_8‘50 meke meaningful phase-shift analyses

have allowsd various groups
of pion-nucleon scattering. The results of these analyses indicate

that the structure of many pioun-nucleon rescnances is much more complex
than had been thought previously. Several of these resonances, instead
being a single resonant state, actually consist of 2 or 3 or even 4
different resonances, all with about the same resonant energy. We shall
return to this point later. The higher energy experiments, on the other
hand, have indicated significant spin dependent effects even at the

hirhest envrgy (12 GeV) so far measurcd, and this fact has caused much

speculation among devetees of Regge Polology and other high energy models.
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Especially noteworthy in this regard are the beautiful s p - « n polari-

9

zation wmeasurements made at CERN. We wlll defer the discussion of

these results until the second part of this lecture.

These experiments have several common festures. They all involve use of
a polarized target. They all use rather complex arrays of detectors

to identify the events in which a pion is elastically scattered from a
free proton. Many of them use similar data reduction techniques. Let

us briefly summarize the most relevant aspects of these techniques.

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

targets, i.e. targets containing only a very small proportion of

hydrogen. In fact, so far the target material has been a substance

called IMN (LaQMga(NOB)lg-QhHQO) in which only 3% of the weight of
the target is due to free protons. These protons are polarized by
10,11

the so-called "Dynamic Method", which involves use of high uniform
magnetic fields (~ 20 kG), low temperatures (~ 1°K), microwaves to
induce electronic transitions (~ 1 watt at 70 GHz), and Nuclear
Magnetic Resonance techniques to determine the polarization of the
target. The important points for the high-energy physicist who uses
these targets are that (a) the magnitude of the polarization of the
free protons is typically about 60%, (b) the sign of the pelarization

can be reversed easily without reversing the wmagnetic field by simply

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

targets are typically about 3 to T em in length and 1 to 2 em in
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diameter, (d) the density of the free hydrogen is about the same as -
that of pure liquid hydrogen, (e) too much radiation destroys the
polarization in these targets, i1.e. the polarization is decreased

by a factor of ~ 2 after the target is irradiated by 1012 protons/bme.

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

Ta,rget12 in Fig. &4.

Detectors

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

is how to isclate clearly those scattering events coming from the
free protons from the more copious background arising from the
intciactions of the incldent beam with the heavier nuclei in the
target. In the case of elastic scattering, where there are two

stable particles in the final state, kinematic constraints such as -
coplanarity and correlations between the angles of the scattered
particles are usually sufficient to make a clear dlstinction between
these types of events. The detection scheme used at Berkeley (see
Fig. 5.) is typical of many that have been used, Basically it con-
sists of a large number of overlapped scintillation counters above
and below the beam to define the directions of the cutgoing particles.
A coincidence between counters above the beam line and those below
the beam line define an event. For elastic events a definite corr-
lation exists between the "up" counters and the "down" counters which
define the polar and azimuthal angles, For the inelastic and quasi-

elastic processes this correlation is washed out (mainly because of

e



f TOY/ARDS PUMPS

TRANSFER LINE
A .

SEPARATOR
THERMAL L
SHIELD ;| |
l_J/L, [ | 1 —
- | ~ - : = g - i
VACUUM JACKET F::j:;;7 f\ T | — ﬁrr
o ot
@i-: ~ _ =\ R S | s
S A e | | I S— ’ gt
e e e 1 t . UHF
A i | [~ WAVE GUIDE
MICRCWARE \if_LL |
CAVITY NEEDLE o §{
VALVE
NEEDLE -
HEAT t 192 VALVE
EXCHANGER : CONTROL
THERMAL ]

Fig. 4.

SHIELDS

Schematic drawing of the polarized target used by the CERN group.

~TT-


http:group.12

-

Beom position

Collimator veto counters

6'/ . Y hodoscope

| |//
/[ /e
o

P countar X hodoscope

Backup veto
counter

| foot

Experimental arrangement

Mu 814036 A

Fig., 5. B8ide view of experimental arrangement used at Berkeley to measure the Polarization
parameter in elastic s~p scattering.

_E‘E-



-13-

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 correlation 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 of the elastic
and the background events., In principle it 1s also possible to
isolate the elastic events by measuring both the direction and
momentum of only one of the particles. This method has been used
(evg. see references 13,1%) but the separation so far achieved

has been significantly worse than in the coincidence method, due

to the fact that there is one less kinematic constraint imposed.

The question naturally arises: Why use LMN when pure hydrogen
exists? There is no basic reason why pure hydrogen cannot be
polarized; however, there are some practical difficulties. The
method usually proposed is called the "brute force" method because
1t only involves use of very low tewperature, say T ~ .Olo, and
very high but not necessarily very uniform magnetic fields, say

H ~ 10° gauss to make the Boltzmann factor exp (uPH/kT) as large

as possible (pp is the magnetic moment of the proton). Then, if
pure ortho-hydrogen is used the protons would have o thermal equili-
brium polarization P = tanh(lO"T %) T 8o%. 10 (H is in gauss, T is
in degrees Kelvin.) All of these conditions (i.e. very low tempera-

ture, high magnetic fields, separation of pure orthohydrogen) have
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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
& "dummy" target which contains no free hydrogen is
substituted for the IMN crystals.
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been achieved separately, but up to now no one has put them all
together to make a pure highly polarized hydrogen target. A few
words of warning before you all rush back to your laboratories

to try to build such a device--molecular hydrogen at low tempera-
ture prefers Lo exist in the pure parahydrogen form {J=0), and any
orthohydrogen (J=1) converts to parahydrogen at the rate of about
l%/hr with a conversion energy of about 10_2 e.v. per molecule,
The very large amount of heat thus produced causes serious problems
in systems which are supposed to maintain very low temperatures.
Turthermore there is some question about how long it would take &
system at temperatures like .OlOK to come to thermal equilibrium
under a 'brute force" technique. The time comstant is likely to

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

Practical considerations involving relaxation times and difficulty
of injecting & sufficient concentration of paramagnetic impurities
into pure orthohydrogen have so far stymied efforts to apply the
"Dynamic Method" to pure hydrogen. On the other hand the free
protons in substances like CQH5OH, glycerol, and others which con-
tain significantly more hydrogen than LMN have been successfully
polarized by the dynamic method, and it seemslikely that these
targets will supplant the IMN targets in many future experiments.

Ffarthermore, methane(CHh) appears to be an excellent target mater-

ial for the "brute force" method.
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One more aspect of the experimental method used in these experi-
ments deserves comment. In several of these experiments a small
computer on-line has been of very great use. Not only can it di-
gest the information from the large number of counters (often > 100)
auickly, but it can also precent up-to-date sumaries of various
interesting sub-samples of the data. In this 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, 1s related to the scattered inten-

sity and the polarization of the target by the equation

1 I(0)-I (o
®(0) = 757 Treeets) e

where I+(9) and I_(Q) are the intensities of the pions scattered
at an angle 0 from protons which are polarized in the "+" and the
"-" directions respectively, and |Pﬁ| is the magnitude of the polari-

zation of the target. A typical result for P(8) for =n p scattering

is chown In Fig. 7. These measuwrements cover essentially the com-

plete angular interval and are statistically quite accurate, Measure-

ments of this type exist at many energles at closely spaced inter-
vals for both x and x in the energy range .2 < T <2 GeV. (Fig. 8)
These measurements have been combined with differential-and total-
cross-section results, including those for charge exchange scattering,
in extonsive programs to determine the =N phase shifts and absorption

5-8
parameters.”
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Fig. 8. Summary of momenta where measurements of the polarization
parameter, P(6) have been made for 7P elastic scattering.
This figure was taken from the report of K. 5. Heard,
C. R. Cox, J. C. 3leeman, P. J. Duke, R. E. Hill, W. R.
Holley, D. P. Jones, J. J. Thresher, F. C. Shoemaker, and
J+ B. Warren, presented at The Heidelberg International
Conference(1967).
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Phase Shift Analyses:

1. Formalism:

The partial-wave decomposition of the scattering amplitudes can

be written
L=
G =z 2J [(ﬂ+1)TB+¢ ETE_]Pﬂ(COSQ) (I-7)
£=0
1 1
H=i ZJ[TE+ . TE_]Pﬂ (cosp) (1-8)
£=1

where £% stands for j = £ * 1/2 and

218 gy
n£+e -1
Tgi = ——:~§E——w—— are the partisl wave amplitudes.
T, 15 the absorption parameter (ng = 1 corresponds to no

absorption, Ny = 0 corresponds to complete absorption)

8,y 1is the phase shift for the state Jj = £t 1/2

The partial wave amplitudes Tgi are conveniently represented in

graphical form by an Argand diagram (see TFig. 9 )

Im T

N —

= Re T

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

_ X
Te =&
i = he el i f th
with x PEl&StiC/Ptotal (t e elasticity o e
which is not the same
tion parameter 7)
and

BRes =
EReg = &

€ = "__T7§—— B = the energy

the total width of

T =

(1-9)

resonance

as absorp-

the Resonance Energy

the resonance

In this representation such a resonant amplitude

would des-

cribe a circle moving counterclockwise as the energy E

increases. When E = ERes

imaginary.

the resonant amplitude is pure

Thus, il there is no background, a resonant

amplitude will have O =O0 or 900 depending on whether x < l/b

or x > 1/2 (see Fig. 10)
bdy
Re Te = g
e +1
%
In T =
¢ €2+l
T = |T ]ei¢
3 e
|T | = i , tant =

m
|
-~
+
-
M

(1-10)

(1-11)

(1-12)
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Fig. 10. The elastic-scattering amplitude T
{a) For pure elastic scattering (n = 1), T_ lies on the uni-
tary circle. If the amplitude is resonant, the circle repre-
scnts a resonance with elasticity x = 1. (b) Resonant arhpli-

tude for x = 0,5, (¢) Resonant amplitude for x < 0.5. Notice
Lhat at resonance &6 = 0°,

in the complex plane
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Often a resonance amplitude is superposed on some background.
In that case the resonant circle will not originate at the

origin but somewhere else within the unitary circle.l6 Other
factors such as for example energy-dependent widths will fur-

ther distort the picture of a smooth circle.

Method

A few words about how the phase shifts are actually determined.
We have seen that the variocus experimental measurements can be
directly related to the scattering amplitudes 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 involved and therefore an inTinite
number of phases. The usual approximation is to terminate the
phase shift expansion at some £ = Emax' Typically Emax is

L., The procedure 1s to calculate the observables in terms of
the phase shifts, and to compare these calculated values to

the experimentally cbserved ones. A computer is used to

minimize the quantity

' J
X2 _ zJ - “exp calc| (I-13)

all Jexp
cbservables

where Qj is the value of the j'N observable and
oj is the error associated with the measurement cf the

jth observable.
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In the analysis of =il scattering undertaken by our group at
Berkeley we had to minimize X2 in a 41 dimensional phase shift
space. The 41 parameters break down as follows:

(2 Isotopic Spin States) X (9 Angular Momentum States)

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

In addition we used a normalization parameter for each of the

5 types of experiments used in the analyses i.e. %%(ﬂ+p > 7p),
%%(:rt'p - 1 P), %(ﬂ‘p - 1°n), B(x'p » x'p) end P(xp ~ a D).
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 T,

Lovelace in his report at the Heidelberg Conference summarized
some of the main conclusions with regard to possible resonant
states of the nll system below 2 GeV. These results are based
primarily on the very detailed analysis made by the CERN group.
The resonance parameters, which 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
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Table I. Summary of main features of various phase shift analyses.
Group Method Input Assumptions Comments
n
e
Livermore” Energy dependent 5, = g Hl. 2{3 Ankn First found Pp7{1400)
et "Roper" resonance
+ Breit-Wigner Assumptions about
Resonances energy dependence of
phases tends to bias
against finding new
resonances., Results
i published.
Saclay Energy independent none Up to 1.6 GeV.
Many solutions at
each energy.
Energy Continuation
made by making smooth
connection between
phase shifts at differ-
ent energies. First
found complex resonant -
structure in regions
of (1512) and (1688)
resonances. Work
completed.
LondOn6 Energy dependent Energy dependence Some results published.
analysis. specified by dis- Work in progress.
persion relations
for inverse amplitudes,
Hawaii5 Energy independent Assumed no resonances Wanted to see if exist-

ing data could be satis-
factorily fit with non-
resonant amplitudes.

Found seclution 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 main features of various phase shift analyses. (Con't)
Group Method Input Assumptions Comments
CERNT Essentially energy Energy Continuation Most sophisticated
independent analysis made with help of analysis. Up to
but with dispersion dispersion relations 2 GeV. They check
relation input. for partial wave self~consistency of
amplitudes. dispersion relation
input. Results
couwld be slightly
biased because solu-
tions are forced to
be in accord with
dispersion relation
input. Have found
18 resonant states.
See Table IT.
Results published
8 .
Berkeley  Energy independent 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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slightly and some of the rescnant states may even go away or

new ones appear. The point is that there are many resonances--
in fact Lovelace claims to see 18--which were discovered through
the phase shift analysis method. These results are summarized
in Table II. GSome of the Argand diagrams on which these con~
clusions are based are shown in Figs. 11 to 13 . Everyone of
the amplitudes shown resonates at least once. The low partial
wvave amplitudes, 2specially show rather curious behaviors and
more detailed experimental information is needed before the

and P._ amplitudes can be considered

517 511 11
to be reliably established. The analyses which determined

behavior of the S

these quantum mubers are based in large measure on the detailed
polarization meaéurements described above. The uniqueness of
these solutions is not yet completely established, and it would
be very deslrable Lo cblain information on the polarization
parameter in charge exchange scattering, as well as on the

A coil @4 R ., parameters in elastic 7'p and 7 p scattering
in order to further clarify the situation. Of these, the measure-

; - 0 :
ment of P in mp - wn seems to be the experiment of greatcst

inverest.

Al momenta above about 2 GeV/c phase shift analyses become cumber-
come because of the very large number of partial waves which must
be considered. Nevertheless polarization and cross section measure-

mente in thils energy region have been used to help establish
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Tahle II. Baryon States. Tsasken from talk of Lovelace at the Heidelberg
Conference, September 1967.

Well Established Resonances

Wave Mass Lt 1-‘e/r"t,ota.l
Pxz 1235.8 123.7 1.0
Py 1469 212 682
D) 1527 118 .566
D) 5 1677 168 ko
f15 1693 134 68
511 1710 260 .9
351 1808 ‘ Bl ~,58
Fon 1933 224 387
G g 2250 %00 3
Hg 11 2he3 275 |

Probable Resonances

514 1355 155 .28
Iﬁ5 1872 163 .16
P 1915 324 Baly 45
Psy ~2025 ~330 ~ W3
Py 2140 ~330 ~ 25

(Continued on next page)
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Table II. Raryocn States., Taken from talk of Lovelace at the Heldelberg
Conference, September 1967. (con't)
Unconfirmed Resonances
Have Mass Ceot R
Fos 1920 320 ~.18
FlT 2030 270 ~,15
g ?
ng 2300 % ?
Resonance Interpretation in Doubt

D 1716 288 L

33 7 7
D ~2026 ~ly ~,

35 Q0 2
P ~£2100 ~T00 ~.28

13
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examination of the coefficients of the Legendre expansions for
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as G The conclusionsin each case are based on a detailed

IO and I.P , i.e.

© 2
maa
2
Iy = 7 Z A, Pz(cose) (T-14)
2=0
£
masg
tPp= 2 B Plcoso) (1-15)
0 : L 2L
7=1

In this part of the lecture I have tried to show how detailed
measurements of spin-dependent effects in low and medium energy
plon-rnucleon scattering have contributed to our understanding
of these processes. In the next part we will examine how vari-
ous polarization measurements provide interesting tests of

high-energy theories.
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IT. Spin-Dependent Effects in nN and NN Scattering at High Energies

It has been tacitly assumed by most physicists that the relative impor-
tance of spin-dependent amplitudes decreases as E - o . Thls 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 diffraction 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 these effects are
expected to vanish at high energy, but often for reasons other than

the fact that there are no spin-dependent amplitudes. I am referring
here to constraints imposed by phase conditions and by factorization.
In this part of the lecture we shall discuss how polarization experi-
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-
dent amplitudes. As Phillipslg’Eonints out the definition is some-
what ambigous. It depends on the representation chosen to specify

the scattering matrix, M.

We can write M =G + iHo+n (1~-2)
or equivalently M = f, + feo'ﬁfo-ﬁi (11-1)
where G = f1 + fgcosﬂ
H = fesine

_<.
Excellent review articles dealing with this subJect may be found in
references 19, 20, and 27.
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It 1s also possible to express M 1n terms of hellelty amplitudes.21
In this case the spin of each particle is quantized along 1ts direc-
tions of motion, instead of being quantized along some fixed axls in
the center-of-mass system. The amplitudes f++ and f_+ are the helicity
non-flip and the helicity flip amplitudes appropriate to pion-nucleon

scattering.

= -(fl-fe)sine/é (1I-2)

= (fl+f2)cose/é w F,

T
A third representation for M involves use of Dirac Spinors i.e.,
M=-A+1iB =k, 4k II-
%%y q, = ko tky (II-3)

ggain it is possible to relate the non-flip amplitude, A, and the flip

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

The point is that usually spin-independence is agsociated with the
vanishing of H, f_+, or B. These definitions are not equivalent,
except at t=0 where they vanish in any case. What we want to investi-
gate now are the theoretical predictions and the experimental conse-

quences for the behavior of these amplitudes at high energies.

29
Rarita, et al. have made predictions for Arecoil and Brecoil at 20 GeV/c
for n p scattering as a function of t using a Regge Pole model which
fits well existing data, but with the further assumption that the

various types of spin-flip amplitudes vanish. These predictions are

shown in Fig. 1k,

A thorough discussion of the Theory of Regge Poles will be presented
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in other lectures. Here we shall be concerned with only those aspects
which bear directly on duestions involving spin-dependent effects.

The Regge Poles which can be exchanged in =P elastic scattering are
ine P (Pomeranchuk or Vacwum Pole), the P' and the p. There are two
essential comments to be made regarding these poles: (1) Fach one has

a spin-flip and a non-spin-flip part (for definiteness let us use

helicity flip, f_, and helicity non-flip, f++); (2) The phases of
both the flip and non-flip parts of a given pole are the same; in fact,

the signature factor

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

*
proportional to Im(f++f_+) will be zero.

Let us consider the charge exchange process ﬂup - non . The only
simple Regge Pole which can be exchanged in this reaction is the p.
The differential cross section, dc/at, as a function of t, shows a
dip near t=0, and shows a minimum at t = —.6(GeV/E)2. See Fig. 15.
This behavior togethcr with the small difference in the total n' p

and n p cross sections, is well explained by Reggeized p exchange if
one assumres a large spin-flip amplitude, Py Using this simple

model one would predict that the polarization parameter in charge-
exchange scattering at high energies should vanish. In fact it does
not (see Fig. 16)19 The o pole must be interfering with something else

in order to produce this polarization. It is not clear st present what
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this "something else" is--it may be a Regge cut, it way be secondary
trajectories, it may be resonance tails--further experiments at higher

energies are needed to clarify this situation.

+
What about polarization in n P elastic scattering? The non-flip and

flip amplitudes appear in the combinations

+
TP _ e
=P, +P Fo, (XT-4)
+
f’_‘+P =P, Pl Fe, - (11-5)

22
Experimental  measurements at 6, 8, 10 and 12 GeV indicate that these
polarizations are positive for ﬂ+p and negative for ﬂ-p in wmomentum
transfer region |t|§l.(GeV/c)2 (Fig. 17). These facts suggest that
perhaps the amplitude P, (which is known to be large from the charge
* . - - ' .
exchange analysis) is interfering with (12+ +73++), i.e.

i *
B Im °-+(13+ 473++) *

If this were a true picture of what was happening we would expect to
find equal and opposite polarization in ﬂ+p and n p scattering. In

fact although the signs are indeed opposite, the magnitudes are not

equal. Here again the most simple-minded model is not completely

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 and non-flip

amplitudes for a single 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 R .. (or some combinations of
recoll recoil
*
these) would be very valuable since they relate directly to Ref++f_+

and to |f++|2 - | IE . The first of such experiments is presently

-+
underway at CERN by a group from Saclay2 who is using a polarized

target made with superconduvecting coils to measure polarization compo=-
nents in the plane of the scattering. Measurements of the polariza-
tion parameter, P, at high energies will be useful 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 effects at high energy; namely, factori-

zation., Consider the following diagram

The contribution to the scattering

amplitude from the ith Regge Pole
19

can be written

S, ” a(t)
Tlane =5 M(®na(t) g(t)igo) (11-6)
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where nl(t) and ng(t) are vertex functions characterizing the coupling
of the Regge Pole to particles 1 and 2. When there is spin they are
spin operators. The factorization property refers to the fact that
the scattering amplitude can be written as shown with nl(t) and ne(t)

appearing separately; i.e. Vertices 1 and 2 are uncorrelated.

The point to be made here is that since the spin-dependence of these
amplitudes comes only from the vertex functions the spin dependence

ig factorizable. This has the consequence that a given Regge pole
couples to a nucleon in exactly the same way independent of whether

it describes =P, KP, pp or ﬁp scattering. This spin-dependent coupling
depends only on the Y-momentum transfer, t. When more than one pole

is exchanged the simple factorization property is no longer true for

the amplitude as a whole, although it is still valid for each pole

ceparately., Let us examine some the experimental conseguences:

Consider the general case of elastic scattering of
two particles; e.g. NN, «N, KN, . The following types of experi-
ments are of interest:

\ » Case (a): Iio polarization initially, no polarization

Iy voun) . do
;T—-;? measured finally. Measurement It 7 Utot.
\ (b): One polarization either initially or finally.
ETE? Measvremert: P
M
¢4l ; (¢): Particle 1 Polarized in Jj direction, before
*?L‘JJ 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.

(d) Particle 1 polarized in J direction before scatter-
ing. Polarization of particle 2 measured in k
direction after scattering. Described by Polarl-
zation Transfer tensor, Kkj
Measurements: D (or KNN)’ etec.

(e) Particle 1 polarization in j direction and
Particle 2 in k direction, initially (or finally).
Described by Polarization correlation tensor, C

kj*

Measurements: %m,%@,em.
(f) Higher correlations, involving more than two

polarizations.

Clearly in the case of ali and KN scattering only experiments (a), (b),

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

Factorization makes the following predictions (assuming one pole

exchange only):

(1) PnN = PKN = Py (= 0 because of phase rule)

(2) ij(ﬁN) - ij(KN) = ij(NN). In particular
D(xiN) = D(KN) = D(MN) = 1

Arecoi}_(“N) - Arecoil(KN) = Areooil(NN)

and Rrecoil(ﬂN) - Rrecoil(KN) = Rrecoil(NN)
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It will be interesting to see to what extent these predictions hold

at energies accessible with the Serpukhov proton synchrotron.

One of the problems challenging the experimentalists at Serpukhov is

how to produce the highly polarized beams of high energy protons needed

tc do some of these experiments. There is unfortunately no foolproof

way. The fcollowing obvious possibilities exist:

(1)

Install a source of polarized protons and accelerate these.
Clearly this would involve major modifications of the exist-
ing injector. Furthermore there are likely to be sizeable
depclarizztion effects caused by the cscillating transverse
components of magnetic field as seen by the proton in its
rest frame durine the acceleration process.25 More detailed
calculations are needed before the feasibility of this scheme
is established.

Produce polarized protcns by scattering high energy protons
from hydrogen (or other materials). Here againthe experi-
mental outlock is dim. Figure 18 shows the maximum polari-
zation achieved in pp scattering as a function of energy.
Very smzll polarizations are likely at 70 GeV. As mentioned

above, the theoretical expectations are in accord with these

results.
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Hyperon decays--Because of parity violation in the decay of
hyperons, the nucleons arising from the decay of hyperons

are often strongly polerized. It may be possible to use

ah
l_l—

this fact Lo produce low intensity beams of polarized nucleons.
However, the experimental problems are difficult.

Backward Scattering of =n (or K) mesons from protons in a
polarized target. In an earliier part of this lecture we

have seen that the so-called D parameter of Wolfenstein

must be equal to unity in nll scattering. Experimentally

this means that the polarization of the nucleon before and
after the sealbtering must be the same. Thus 1f a highly
polarized nucleon could be knocked out of a polarized target

1

its polarization component along the normal to the scatter-
ing plane will be unchanged. High energy polarized protons
could be produced by =nll elastic scatteriiss involving large
momentum transfers. Unfortunately the cross sections are
small so that the expected Tluxes will be low,

Charge exchange Scattering np - pn from protons in a polarized
target. TNim Byer525 has suggested that there may be appreci-
able polarization in high energy np charge exchange scattering,
and that i1 this is true then this process could be used to
produce high-energy polarized proton beams. At present there

is no experimental evidence pro or con so that the feasibility

of this method is not yet established.
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There is one last remark to be made, arnd 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 the symmetry violations associated with weak inter-
actions may manifest themselves in some of these processes. For
example, it would be relatively straight-forward to scatter high
energy mn-mesons from polarized protons at large angles, and to
look for possible asymmetries in the plane of the scattering. To
test time-reversal invariance at high energy one could for example
compare the analyzing and polarizing power in pp scattering. These

quantities can only be diif'erent if T is violated.

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

of some of these phenomena.
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