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Abstract The reactions pp -> pp and pp — a**n with polanized beam and/or polanzed target
are currently under investigation at the Argonne ZGS We discuss how to interpret vanous
measured quantities 1 terms of amphtudes whose behavior 1s famihar (as functions of
s.t) For pp total cross sections and elastic scatterning, Argonne measurements will yield
Im ¢y (5.t = 0) and the rather complicated combination 2|»f>5I2 + Re (\pl,o; —p3\aZ),
where ¢, (1 = 1, . 5) are conventional s-channel heheity amplitudes T'he forward
direction (¢ = 0) 1s of special interest We find that for both pp -+ pp and pp - attn,
polarized beam  polanzed target experniments plus the rather general (testable) assump-
tion that amphtudes with the same s-channel helicity flip quantum numbers are propor-
tional, are sufticient to fully determune all non-vanishing amplitudes at ¢+ = 0 Numerical
estimates of some observables, based on calculations 1 a specific model, are also given

1. Introduction

The scattering of high energy polarized proton beams (recently available at the
Argonne Zero Gradient Synchrotron) on polarized proton targets, yields consider-
able new information about scattering amplitudes. In this article, we study (in
terms of s-channel helicity amplitudes) what features of the amplitudes can be
obtained from polanzed beam-target experiments In particular, we give a detailed
description of total cross sections, elastic scattering (sect 2) and the process
pp > A**n (sect 3), since these experiments arc currently in progress at Argonne

We have used s-channel hehicity amphtudes (among the many equivalent choices)
for three reasons, (1) they are the only set which embody the angular momentum
conservation constraints in the forward direction 1n a simple way, without mixing
amplitudes. (11) many particle physicists have developed an intuition about the
behaviour of the “standard™ amplhitudes ¢, . w5 for NN elastic scattering as
functions of s,¢ and about their sizes, () if s-channel helicity conserving absorp-
tive rescattening cffects are important in determining the structure of amplitudes,
as 1s considered likely, then only the s-channel heheity amplitudes will have a
stmple physical interpretation for their t-dependence (e g the pattern of zeros)

* Research supported n part by the US Atomic Energy Commussion
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We began this analysis mainly to satisfy our own curiosity about how to inter-
pret the results of the ANL expeniments Our attitude has not been to solve for-
mal problems of what can 1n principle be measured (which has m any case been
done [1, 2] for pp scattering), but to relate the observables to our conventional
understanding of amphtudes For example, the total cross section difference
ar(t1) - o4 (11), defined 1n a precise manner below, 1s very simply given by
Im ¢5(s, £ = 0). v, 15 a double flip amplitude with net hehcity fip zero It would
vanish 1dentically at ¢ = 0 for exchanges of any number of particles with defimte
parity, but a non-zero value can arise from particle exchange with absorptive
rescattering The main particle exchanges are @, which 1s mainly real, and vector
plus tensor (w + f, p + Ay ) which are supposed to add to give a real amphtude
in the exotic pp channel Thus, at the simplest level Im ,(0) = 0, and a small
non-zero value gives us information at a rather detailed level, about such matters
as phase rotation due to absorption corrections, exchange degeneracy breaking,
and the phase of 7 exchange

Several such analyses corresponding to various observables are given below
(sect 4) Furthermore, we find particularly interesting results 1n the forward
direction (2 = 0) At ¢ = 01t turns out for both pp > pp and pp » A**n that
the current expeniments with polanzed beam and target, plus the rather general
(testable) assumption that amplitudes with the same s-channel hehcity flip quan-
tum numbers ate proportional [3], allow a full determination of all the remaining
non-vanishing amphtudes

We begin with the formalism, and express the observables in terms of the s-
channel helicity amphtudes, ¢;, ., w5 for pp ~ pp and a similarly defined
set for pp ~» A**n General arguments are given where possible for the behavior
of the amplitudes and observables Finally, numerical predictions are given for
some observables based on calculations in a definite model [4]

2 Elastic scattering and total cross sections

We will work i the ¢ m frame with a nght-handed coordinate system XYZ
fixed 1n space The proton beam travels along the positive Z-axis (horizontal)
and the positive Y-axis points vertically upward

Since the Argonne ZGS has a vertical magnetic field, 1t 1s simplest to have
incident beams with vertical polanzation Beams with spin pointing along the
direction of motion (helicity eigenstates) will be experimentally feasible 1in the
near future In view of the state of technology for polanzed beams and targets,
we shall confine our discussion only to spins pointing along the Y and Z axes.
(An extension to spms pointing along the X axis 1s completely straightforward )

The single particle spin eigenstates of Sy will be denoted by |1 (spin up) and
[¥) (spin down) They are related to eigenstates of S. by
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= 5 (1S, =+ 40 +41S, = =3wl, 1=y [IS,= +-ils,=-im]. (1)

We wish to use the helicity eigenstates [+) and |-} Noting that the target moves
along the negative Z-axis in the ¢ m frame, we readily obtain

1

|i)bcam \/2 [+ -] beam @)
T
ll)target '\/2 [1=) %] + ]target 3)

Then the imtial two-particle states which can be formed are (wrniting beam particle
first)
MY =3 [+ +1+ -0 ~|=8) +a1= ], M) = § [=1]+) +]+ 4 - + 4=,

(4)
141 =

[T

[0 + ]+ + (=9 <] D], B =3 [ 44D+ [+ -H1]— )]

Proton-proton elastic scattering has five independent amplitudes Matnx ele-
ments for the reaction (a + b = ¢ + d) between the helicity states |£+) are labeled
n table 1 with conventional amplitude names ¢, ,¢s [S] In the forward
direction, conservation of J, requires that @, (s,r = 0) = s(s,t = 0) = 0, the other am-
plitudes need not vanish at r =0

21 Toral cross sections

We now express the total cross sections corresponding to various initial polari-
zation states in terms of the amplitudes ¢, An unpolanzed beam or target state

Table 1
s-channel hehicity amplitudes (A AgIMIA Ay for pp elastic scatterng, and their associated
hehaity flip quantum numbm n= l()\ Ab) ()\ Ad)l and S L l)xd Apl-n

n X

FHIMIEH =gy = IMi--) 0 0

GHMIE ) =g = oI M- 1 0

G HME B = pg T (- IMED 1 0
GHMI- ) =y T o IMED 0 2

— —IMIt ) =g E (—HIMI- O 1 0
GoIMIE o) =gy = (—HIMI-4) 0 0

+ -IMj-+) = = (—+ M+ 2 0

—+ —IM|--) e = (- -+ M |+ 1 0
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1s denoted by the asterisk symbol * The total cross scction for an unpolanzed
beam and target 1s

S
0y = oq(**) = L2 map M|

T S =0
2qw 25, + 1 25, + 1 Ay

-- L Im [(++ M+ )+ G - M+ )+ CHM|-H+H—- M- D] _,
8gw !

= - Wlw Im (¢, +93),- (5)

using table 1, g and w are the magnitude of the ¢ m three-momentum and the
total energy.

Other currently measurable total cross sections with the polanzed beam —
polarized target facility are similarly obtained using the optical theorem If only
the beam or the target 1s transversely polanzed, no new information 1s gained,
since

T
or (*I) =op (%) = op(*).

However, 1f both the beam and target are transversely polanzed, we obtain from
eqs (4) that

_ 1
op(11) = 2w Im M,

= 4q_wl Im (g, + 93 +6,),0 = op(Ld), (6)

oy (1) = ’Z]x]v I M T, =50 I G0y + 03 - 9),q = o (41, (7)
or, equivalently

or(t) +op (1) = Z;J_v Im (o) +¢3),- = 207, (8)

op(11) — o (t4) = 2(—;‘1) (Im ¢,),-¢ ©)

Eq (8) provides a useful check on normalizations for the polanzed beam. Eq
(9) says the difference of polarized cross sections measures the 1maginary part
of the double flip amphtude at r = 0, we will discuss the implication of this in
sect 4 (Eq (9) was also known to Buttimore [2])

For completeness, we give below the results corresponding to beam and
target 1n helicity eigenstates As previously mentioned, such experiments are
not currently possible, but will become so 1n the near future (We again remind
the readlcr that the target in helicity eigenstates + corresponds to eigenvalues
S, =¥ 3#4.)
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op(* )= 0y ) = og(+ | ) = op (| ) = 079, (10)

1
op(+) = og( )= gon (mop)y,

1
op(+=) = o +) = Tgw (Im 9q), - (1)
Eqs (11) offer the possibility of determining Im ¢, and Im 5 separately at 7 = 0
This will be a good test of the absorption assumption discussed n sect 4, which
predicts that ¢ = v3 [3]

2 2 Dufferential elastic cross sections

The usual differential cross section for an unpolarized beam and target 1s

do _do ., 1 1 1 D 2
- i Ry R KA MDA
dr — de 647rq2.s 25, +128 p T 1 A2y cd ah
AcMd
1
= e ey gy eyl + gy P+ dlogl?) (12)
1287g°~s
For a transversely polarized target and an unpolarnized beam
do 1 1 1 1
G T 2 IAIMIN, P
dr "V 6ang2s 25, +1 A, a |
Aerg
=1 2
= — o L INIMINS £ GIMIN, )
256mq“s A,
Arg
1 _ _ _
= gy Frsl? ey Fregl ey Fregl’ * o, 10l
128ng~s
d
’ (**)+— Im [(g, + ¢y + 03 - 0)* 9] (13)

64ng“s
The “standard” polanzation P (left-nght asymmetry on a transversely polarized
target) 1s given by

_ do/dt (*1.8) — do/dr (*1. - 0) a4

" dojdr (*1,6) + do/dr (*T, - 6)
Noting that g 1s the only odd amplitude under 6 — —0, 1t follows that
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do _do
ar 10 = g G060,

which has been calculated in eq (13) Thus, one can also define P by the equation

p= do/dr (*1) - dao/dr (*1)
do/dr (*N) + dofdr (D) (135)
A famihar expression for P n terms of the amphtudes ¢, follows immediately by
substituting eq (13} into eq (15)

2 Im I(\(z1 + 50, 5,4) 595]

|2 2

(16)
lsoll2

+e, 12 4lo, +1¢4|- + 41y,

The scattering of a transversely polanzed beam on an unpolanized target yields
the same results as above (the two processes are tdentical in the ¢ m frame)

d

(T*)— 49"y, d" T 4m =7 k0 (17)

Let us now consider the mtcrestmg case in which both the beam and the target
are transversely polanzed Invaniance under rotations of 180° about the Y-axis
gives

0 ty=9 an (18)

Using table 1 and eqs (4) for the two-particle nitial state, we find

do 1 2
(M= S 20 MR
647r({2s Aerg <

= -lg [K++ IMITDIZ + K+ - IMITDIP

64nq-s
U IMPDPE I IMITDP)

= ! —- [le{HIM+ +)+ G+ M+ ) M B+ i+ M) 2

256mg2s
+ |

| 7 )
= 158774,3_ [lo, ©yl° +log +9,17] (19)
Similarly,
1
DO = - ety gl + Loy, 2102, (20)

l”87rq2s
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1
( V)= Te 2 [l‘p] + 12) + 21‘951 + [&03—\04 + 2lkp5|2] (21)
1287ng“s

Equivalently,

L )+ (=20 4257

do do

=c - el )
Tan-3 an=4p (22)
which can serve as a useful consistency check or give good measurements of P,

and

do) _ do do do do

1
" Toma®s [2los1® + Re (4,03 — 030))] )

The quantity 2|‘,z:5|2 + Re ((plsp; - (p:,,tp:) 1s the new information one obtains
from polanized beam and target experiments for do/ds In particular, this quan-
tity reduces to Re ¢, ¢3 at t = 0

For completeness, we discuss results for helicity eigenstates also It 1s amusing
to note that measurements with either the beam or the target in a helicity eigen-
state do not teach us anything new when summing over final state spins, since

do ., =do « =do ok
dt (t ) d_f ( i) & ( );
do t | _do ¢t do 1
a7 G g (77 (Y
However, measurements with beam and target both 1n helicity eigenstates do
yield new information

d
TN =T )= —— e+l + 212,
647rq s
do 2 2 2
(+ )__ —4)= [losl® + lp 1 + 2lpcl°],
ar 641rq s e :
or equ1valently,
d
L0+l 922 ¢, (24)
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Table 2
A summary of new mformation which can be obtuned from pp total and ditferential cross
sections using polarized beams and targets

Type of New New New

experiment mtormation information information
(beam-target) from o from do/dt from do/d¢?

(att = 0) (at t = 0)

2 2 2
Iapll'+|¢2I +I¢3I
2 2 2 2 2
unpolanzed (**) Im (¢l+w3) + I¢4I +4I¢>5I I\;ll +I\p2! +'p3l

R )

(%1, *}, 1* 4*) lm|(¢1+¢2+-¢3 “’4)*"75]
+t, +4, -1, =1
Crowrl )
2I¢5I2 +
(4, 1L, Lt L) Im ¢, Re (tple - \03;;72) Re (‘01“’?
2 2 2 2 L2 2 2
(++, +—, -+, —=) Im e Im ¥3 I\,all +|w2l - Iw3. -Iw4l !¢73| ,lel +Iw2I

More information can be had in the forward direction because of the optical theorem and
the fact that only @1, ¥2, Y3 can be non-zero at ¢t = (0 Currently feasible measurements at

t = 0 of do/dt, ap, op(t1) — o (14), 2 do (t)/de — do (11)/dt —do(4)/dt, and the
Coulomb interference are enough to determine vy and vy fully 1f the basic s-channel ab-
sorption assumption that v = ¢y 1s made Measurements with beam and target longitudinally
polanized (hehcity cigenstates) then test the assumption €1 = ¥3

do d
dr 9 -

e R e U LA L PAL ey PL

! 647r(12s

Thus differential cross-section measurements with helicity eigenstates give the

new combination |g; 12 + Igpzl2 - I<p3|2 - |¢4I2, which reduces to |y, 12+ Igp,lz
l<p3|2 at £ =0 A summary of new information from polanzed beam-target ex-
perments is given 1n table 2

2 3 The special point t = 0

The point ¢ = 0 1s especially interesting for two reasons (1) More information
1s available here from total cross section measurements and the optical theorem.
(1) There are less amplitudes, since w4 (1 = 0) = ¢5(t =0) =0

In particular, 1f we make the assumption that ¢, = ¢4, whose possible validity
15 discussed 1n sect 4, there are only two (complex) amplitudes to determine,
say v, and ¢, The available data from the current set of expeniments will be
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(@) op = S Im g,

1
() AOT = o.l.(TT) — oT(N) = 2w Im ¢,,
() dofdt = (2, 1% +lp,I?)/1281¢7%,

(@) A(do/dr) = Re wlgp;/l6ﬂq2.s from cq (23).
(e) Re gpl/lm @, from Coulomb interference measurements

The quantities (a) — () fully determine ¢; and ¢, at ¢ = 0, including the ab-
solute phase The Coulomb interference measurement of the real to imaginary
ratio of the forward amplitude really measures something more complicated n-
volving other amphtudes, but above a few GeV/c 1t should be quite safe to as-
sume 1t 1s Re p; that 1s interfering, given a set of amplitudes to interfere with
the known Coulomb helicity amphtudes one can easily check

In principle one can do even a little better, because (¢) 1s redundant [get Im
¢, from (a), Im ¢, from (b), Re ¢; from (e), and Re v, from (d)] Then the
validity of (¢) 1s already a check on the correctness of the assumption ¢} = v3
The quadratic nature of (¢) does not allow a determination just using (a) (c)
and (e), although 1t does restrict Re ¢, considerably

3.pp > Atn

[et us now consider the inelastic reaction pp = A**n [5,6] After applying
panty constraints, there are sixteen independent amphtudes ¥, which are given
in table 3 The decay A** - n*p 15 expenimentally measured, and 1t 1s possible
to extract the following production density matnx elements [5]

Piss  Pry, Re pyy, Rep;_;

3
For vanous nitial transverse polanzation states, we express these observed den-
sity matnx clement in terms of the amphtudes v, of table 3

The (unnormalized) production density matnx clements for an unpolarized
beam — unpolanzed target experiment are defined by

1
Py () = A%_)A O I MY O\ IMIA Y (25)
a"b%c

Note that the density matrnix 1s manifestly Hermitian. The experimental observ-
ables yield

=1 2 2 2 2 2 2 2 2
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Table 3
s-channel hehcity amphitudes for the process pp — atty
T T s e e e L

(F+ 3 IMI++) =y = 1Ml 1 0
=+ 1M+ 4y =y, = =+ -3 IM| . 2 0
AL IMIt ) =gy o= S LM 0 0
(=43 M+ ) =gy =& LM 1 0
=3 IMi++) =y =(—+1 M| o 1 0
¢ -4 IMI+ e Sug T oL IMI o 0 2
Ch = IMIe+Y =0y = . +1M - 2 0
(-3 IMI++) =yg = (++11M1- I 3
C++ D IM+ ) =Yg T oA M-+ 2 0
o+ ML+ =Yigs (MU 3 0
(bt S IMI+ 5 =y = (L M- 1 0
(=43 IMI+ = =y = ~(+-L M-+ 2 0
(+ - LM+ o =yy3= - M+ 0 0
Co UM+ 9 =ya= (++lM o4 1 0
C+- TIMI+ o) =Yg = (-+1iMI ) 1 0
- 3 0 2

M+ - =g e= (H+1HM

The notation used 18 (RINE ] ;;Ab)' where A, = helieity o;‘;eam pro-ton_‘)\b;;wll;ny. of tar-
get proton
P () = 4 {13 + 19,17 + 10412 + 1y 2
L 2SR N e AN AN S
Repy (") = Re 3 [{0) 05 + v y0f + Uout) + 9,000}
B 2 R 2R IR IR Vie
Repy (") = Rea [{, 9%+ y, 08 + do¥ls + v 05}
T U U s T Ul

A transversely polanzed beam-unpolarized target (I *) experiment has density
matnx elements

1
b (1925 T Ogami 2w i e (26)

uy
Abkc

and the observed quantitics are
Tey 2 - 2 2 ot 12 2
p%;(l*)—J lh},/l + “py/l6| +Ilﬁ’/2i”rl/lsl +’L'/8+1l,'/9| +|w7ilw”)[-],

t 1 2 - —
Py (= g 1y P+ 10, Fav s P 41 Ty 141y 21y, 12,
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Re sy (1) = Re 5 [(9,710,6) (3 71014 )+ (Vg £10g) (U], £ 1)
b Uy 2 YR £10E) 4 (0o F 10 (UT, T 10D,
Re py. (%)= Re } [(4) 719, (3210 Ty) + (b 21 (W], ¥ 103)

Wy 2l ) (g F )+ (W T (W, £ 93]

Similarly, an unpolarized beam - transversely polanzed target (*I) expernment
has density matrix elements

o, (* 2 Z)muwm DO IMIN, *, (27

Ad>\C

and the observed quantities are
1 - - _— 2
pyy ()= 5 [, Fadgl” +1=Uy g FavglP 4 Wy g P + 15 2 191%),
=t . 2 - )
Py (*l) =a [WyF 1yl *|¢l4i1¢/6|2+|¢4+1¢1212 +H- Y3 F1yslol,

Re pél (*I) = Re ‘li [(‘plxl\bg)(d/; ilwfl)+(-—l1/16¢ll1/8)(l1/f4 * “1/;)
+ (\1’2'*”1’ 0)(‘1/: t 1\1’13)+(‘I/15¢lv7)( \I’*3 t w Dl
Re p:‘_—l (*L) = Re 5 [(Wﬁl\llg)(dlg‘ il¢13)+(---v]67‘1l1/8)(—k’/’1"2 * “v’/:)

+ (‘1’2 +ll1/10)(1122‘ + ”1’14) +(‘1/15—“I/ )(llf* * ”v’/;)]

Finally, when both the beam and target are transversely polanzed, the production
density matnx 1s

o X th
P ()= ;} QMM | YO\ 1M1 )%, (28)
C

and the observed quantities are
Py 1) = 5 I g dg— b g P W, 0T + i,
py (1 1) =5 WyFdgFuyy + vy P19, ‘l’si"l’lz"‘/’n'Z]’
Re oy, (1 ) Re o [(W,2 UgTt¥g-11¢) (W5 F Y7 £ 107~ 1¥],)

+ (d’z*’ V7+1V10 + IV15) (lll4 = lﬁ; * l\ll* +“V1“3)],
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Re py -y (1 )= Re § (4 4gFrig—19,) (V3 £ ¥} £10% +19T)

— — - * *
(U YTy oty ) (WE F VS E Y, Ul

and similarly
IS DI T 2 ; = 2

puy(h ] )= b I F Vg gt gl + 1yt w1y o=t P,

pyy (1) =5 35wty 10, P10 wsF iy 1P

Re oy, (b 1) = Re (0,7 ¥ g+, ) (W5 £ 9] £ 10+ 105y
Syt 0, T ) (T VR U ),

Re oy (4] )= Re s (4,797 tdg + 10 (F 95 2 10fy— 1)
+(Uyt YTl -1V ) (g £ U5 2y, i)

Since we have 16 complex amplitudes ,, even the wealth of information des-
cnbed above (a lot of 1t 1s redundant) 1s insufficient to disentangle them Instead,
1t 15 much more fruitful to reduce the number of amplitudes in a useful way,

for example by making the absorption assumption given 1n sect. 4 A pomt of
special interest 1s £ = 0 Here, angular momentum conservation requires that all
¥, except 1 = 3,6,13, 16 must vamsh The information from experiments at

t = 01s given 1n table 4 The absorption assumption gives Y3 = Y3, since they
both have the same n and x values. Measurements will yield the following
quantities at £ = 0 Il,’/]6|2, 2 d/3|2 + |d/6|2, Im (Y& ¥16), Im (U3 ¥y6),

Table 4

A summary of new information obtamable at ¢+ = 0 by measuring the production density
matnx elements n the reaction pp — attn

Type of P33 Pit Re py; Re p3 -1
experiment i 3 H

unpolanzed (**) lu/1612 l\i/3|2 + I'\,’J6I2

+ w]6|2
(%1, *4) Im (y¢ vig)
(1%, 1%) lm(\,’lgb'llf,)
2

(*+, *-) We!™

+*, % |‘."/3|:Z

(t, 1, 01, 1)) Re (W3 ve) Re (W39 6)
w1, 4L, =1, -l

t+, i+, -, |-
G+, -+, - )

The only amplitudes which can be non-zero at 1 = 0 are y3. vg. V13, Vg
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Re (g’/%‘ ¥e)s Re (l,’/;: Y1) 1t 1s casy to check that this information 1s sufficient
to determine Y3, Ve, Vg at 1 = 0 up to an overall phase

4. s-channel absorption assumption and numerical predictions

In this section we first want to draw attention to the general application of a
point we have made 1n context above It has often been noted that whencver
possible, ndividual scattering amplitudes should be determined from data In
general 1t 1s not possible, and people have made a number of assumptions of an
ad hoc nature to relate data to the behavior of amplitudes

Of the various assumptions, one [3] has a considerably greater chance of
being correct than most, at the nmimimum, 1t 1s not yet known to be incorrect 1n
any reaction (which 1s not the case for most assumptions)! It 1s also quite general,
apphcable 1n many places, and eventually subject to a large number of tests.

To state 1t one defines net helicity flip quantum numbers n = [(A,—Ay) - (A. Ayl
and x = [\, — A,| + I\jq—A,| n Then the basic prediction [3] of s-channel ab-
sorption 1s that amplitudes which would be proportional (up to a constant factor)

if only definite parity exchanges were present, are still proportional if they have the
same n and x, even when absorptive rescattering effects are included

For NN = NN, for example, with a pomeron contrtbution, vector and tensor
exchange, and 7 exchange, ¢; and @3 only get contributions from natural panty
exchanges (pomeron, V, T) They have the same n = 0, x = 0, so they arc as-
sumed equal On the other hand, 1f there were only n exchange the particle con-
tribution would give v, = ¢4, but thesc have different n,x values so one should
leave ¢, and ¢4 as independent amphtudes even 1n that simple casc  Altogether,
for NN = NN our assumption leaves 4 independent amplitudes, with (r,x) values
of (0,0), (1.0). (2,0). (0.2)

To have p; # ¢3 for the NN clastic casc one would need an important con-
tribution (comparable 1n size to V or T) which had unnatural panty and which
did not flip s-channel heheities (in terms of particle names, A -like) Then 1t
would nterfere constructively with V + T in ¢ and destructively in v5, giving
a difference As noted above, this can be tested by expertiments with longitudinal
polarization

For pp = A**n we assume the important exchanges are 7, p, Ay Then to re-
duce the 16 amplitudes, we necd cases where opposite naturalities do not contr-
bute and where 1, x are the same We get

A TETE 2B ANRUNE VMR SUR
leaving sull 12 amplitudes At 7 = 0, however, 4 non-zero amplitudes are allowed

(Y3, V3. Ve ¥16) and our assumption reduces these by one since ¥y = Y3
As mentioned previously, current measurements of the A density matrix with
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transversely polarized beam and target give 6 independent numbers (see table 4),
allowing the three amplitudes to be fully determined Measurements with long-
tudinal polanzation states allow one to test whether y3 = 3

4 1. Remarks about pp > A™ " n

A few obscrvations can be made here independent of detailed assumptions
(1) The quantity

pl‘;”*) p;{(i*)
.. i, . =p
TR GO B

has precisely the spin structure of the polanzation in a 3% + 3% > 3% + 3* reac-
tton Since the exchanges here are the same as in np = pn, comparison of P

(np ~ pn) with Py, will tell us about any differences 1n behavior i couplings to
NN and to NA The expected differences do not change the polanzation much,

so Py should indecd look Iike P (np — pn)

(1) The quantity P12 (1% — P +(1*) has the spin structure of a quantity
ltke Re pyy 1 7N~ pN or KN = K*N, being dominated by an n = 1 ampl-
tude interfering with the sum of n, x = 2, 0 and 0, 2. By comparson, we can
learn about the coupling patterns

(m) p, ] (**) do/dr and pi (**) do/dt have the form of do(np — pn)/ds
and contain the sharp small ¢ pcak characteristic of np > pn Whether 1t shows
in the data depends on the size of the other odd nm exchange amplitudes 1n
these quantities, In;’/4|2 + h,-’/ml2 n pyy (these may be large) and I\l/g|2 + |¢,10|2
n py; (these should be small since n + x = 3)

(1\/3 p3+§(T*) — py+1 (3*) depends on amplitudes with n,x = 1, 3 and 3,0
which have not been studied 1 other reactions Perhaps some hint of their
behavior can be obtained here

(v) Before making any detailed calculations one could procced 1n steps The
next assumption to make 1s that the p. A, couplings are of the Stodolsky-Sa-
kurar type [7] Rather than do precisely that we make the s-channel version,

In two steps

Coupling assumption 1 p and A, coupling to NA always flip s-channel

helicities one unit (CA1) This implies

¢3=l}/|3=lf/7=¥’/9:0. 9,/14:‘}!/4 and still lp!jl =lpI/15s l»’/5=li'/”,
so there are now 9 independent amplitudes At 7 =0 only y¢ and ¥ ¢ are now
non-zero, so the measurements shown in table 4 will determine them upto an
overall phase, and also check the validity of CAl for Y3 and Y 3!

Even better, the amplitudes ¥4 and ¢ are just those needed to test the
other part of the s-channel version of Stodolsky-Sakurai
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Coupling assumption 2 p and A, couple to NA, +/3 times more strongly
when the helicities are % - ; than £—> ~ -; Thus, we expect ¥ = \/’_3 Vg (i
v/3 1n magnitude and relatively real)

Away from ¢ = 0 detailed calculations are required to make predictions, though
with the s-channel absorption assumption and CA1, 2 the number of amphtudes
1s down to seven (One more sumplification 1s possible, as the 7 also satisfies CA2
to a good approximation, but no uscful results emerge without calculation.)

One can use a Stodolsky-Sakurar p-y analogy in several forms, they onginally
used a Lagrangian, while we have used 1t 1in an s-channel form, and others have
used a r-channel form It is not possible yet to distinguish among these experimen-
tally as they differ in contrnibutions proportional to t/(m, + my) or (m, —my)/m,
and these are too small to show up n the data If any choice 15 favored by the
data 1t may be the s-channel one, as the other choices give an s-channel nonfhp
(n = 0, x = 0) amphitude which has (after effects such as absorption are included)
a sharp forward peak and has not yet been observed experimentally

42 Im g, (0)

Since the measurement of Im y,(0) 1s one of the mam results of the polanzed
beam expenments, we give a general but rather long and detailed set of arguments
to see what value and sign 1t should have A disagreement between our result and
the data would 1imply that some of the following are incorrect As each step 1n
the argument 1s on rather firm ground, a disagreement (as seems to be suggested)
would perhaps tell us something significant Although we have taken consider-
able care and effort to have consistent conventions and to use the conventions
of the experimenters, so many signs are involved that additional checking is pre-
sumably required We choose P, ™~ 6 GeV/c where necessary

(1) We assume that the contnibutions are the main elastic amplitude (the pome-
ron), the 7, and vector and tensor mesons p, w, f, Ay This 1s presumably the
weakest link 1n the chain since we do not have a controlled test, but there 1s no
other place in two-body reactions at similar energics where something else is
needed Thus, our result should be interpreted to give the situation for these
contributions

(1) We choose the pomeron phase to be negative imaginary, op ~ — Im ¢, /s
This 1s just a convention and does not affect the answer

(m) Since oy (pp) falls with energy, the reggeon contributions must also have
a negative imaginary part The dominant reggeons arc w + f (known from other
two-body phenomenology — c.g o (pp) = o (np). so 1soscalar reggeons do-
minate)

(1v) Since pp 1s an exotic channel, the reggeons are almost completely real
and provide most of the real part of 9| Since Re ¢;/Im ¢, 1s known to be
negative the reggeons w + f have a positive real part Thus they lie in the 4th
quadrant, somewhere between the real axis and —45°, at + = 0
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(v) By SU(3) the 1sovector reggeons p + A5 have essentially the same phase
at + = 0 as w + f, also lying near the real axis in the 4th quadrant

(vi) Now we want to go to ¢y ¢, will have contributions from reggeons 7, p,
A,, w, f The 1sovectors, with large fltp couplings, will dominate so we concentrate
on those, the w + f just go along with p + A, The full amplitude ¢, 15 (as s
known from np — pn) the pole contrbutions which must vamish at ¢ = 0, minus
the absorptive correction which need not vamish at 1 = 0

From spin properties, 1f the poles for p + A, lie in the 4th quadrant in ¢ for
-t near 0 they must Ite m the 2nd quadrant for @, for f near zero, there 1s a
relative minus sign from the spin states The phase of ¢, at £ = 0 1s that of the ab-
sorption correction, opposite to that of the pole, so the net p + A, contribution
to ¢y at £ = 0 must be near the positive real axis

(vn1) Next the relative phase of 7 and p + A, muxt be fixed Both are expected
to be mainly real It 1s well established by analysis of data in both photoproduc-
tion [8] and in np ~ pn [4], where the amplitude structures are equivalent, that
the sharp small ¢ peak has m and A, mterfering constructively Thus 7 will add
to p + A, here, giving ¢ at £ = 0 mainly real and positive

(vin) Fmally we must find the sign of Im ¢, at £ = 0 It anses from absorption
since the poles vanish at £ = 0 We note, 1n two steps, that (a) absorbing a ro-
tating pole with a purely imaginary pomeron gives a positive real to imaginary
part ratio, and (b) absorbing with the pomeron phase taken into account (Re P/
Im P negative over most of the 7 range) goes the same direction, giving a positive
ratio for v, More explicitly,

0(5,0) ~ Ry(s.0) + fbdb Jo (bV=1) Ry(s,6) [Im P (s,) -1 Re P (s,b)],

where R, 1s the reggeon pole, essentially real and negative for ¢ ~ 0, Im P 1s the
pomeron 1maginary part, negative here by convention (if 1t were positive there
would be a minus sign in front of the integral), and Re P 1s the pomeron real
part, mainly positive Thus, the relative negative sign of Re P and Im P 1s can-
celled by the (1) 1n front of Re P and so Re p; (s, 0)/Im ¢,(s, 0) 1s positive
¢5(0) 15 1n the first quadrant.

(1x) Thus we find Im ¢,(0)/Im ¢;(0) 1s negative Eqs (8) and (9) give (using
¢ = v3)

Aop  op(th) —op (14)  Im y,(0)

o1 o Im ¢,(0)
and so our argument gives a negative value for Aog
This 1s not the sign favored by the data at present [9], but the expenmental
error bars are still large

Although the argument 1s rather long * each step above 1s rather well founded
1n erther general terms or in terms of the behavior of other reactions If one (or

* If there 1s a stmpler way to interpret Im ¢2(0), particularly from an exchange mechantsim
picture, or to deduce the expected sign, we would be glad to learn 1t
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an odd number) of steps 1s incorrect 1t will be instructive to learn which Step
(1) 1s perhaps most likely, followed by (8)

(x) To get the magmtude of Im ¢,(0) we first note that 1t 1s effectively
bounded by the np - pn data If all the V + T contnbution were 1sovector,
which should be acceptable to 50% or so, then at ¢t = 0

o, | 1
2 1 o (np > pn)jdr 1 \/ L _ o075
™A do (pp > pp)idi 2
where the 3 15 an 1sopin factor Thus

lAop| < 00750, = 3 mb

But ¢, 1s mainly real and we really need Im ¢,(0), so we expect a smaller result.
As noted before, pole contributions give zero. The absorption model calculation
of ref [4] predicts

AoT = .1 8 mb,

1t arnves at the sign obtained by our chain or arguments above since 1t 1s consis-
tent with all the assumptions.

43 A(do/dt)

From eq (23), the new quantity measured by polanzed differential cross sec-
trons 1s

20pgl? + Re (0,05 - 0y0%) = A(do/dt) 16mg°s
Very httle of a general nature can be said about A At ¢ =0, 95 =y, =050

A(do/dr),., =+ Re (¢, 95

~+Re [(1Im ;) (Re ¢, +11Im M

~ + Im ¥, Im ¥y,

which 1s negative according to the steps above [ g step (1x)] Since 2lps12 1s
posttive definite, 1f Re (p¢3 — ¢30}) ever gets small A (do/dr) will become
positive The actual behavior of Re («plgpi‘ — ¢3¢3) depends sensitively on inter-
ference phases *

The model of ref [4] gives explicitly the curve in fig 1 The negative value
at ¢ = 0 and the positive excursion can be seen It should be emphasized that
the r = 0 value 15 closely related to the result for Ao If Aoyp 1s positive the
A(do/dr) at t = 0 should be positive unless [Re ¢ Re ¢y > [Im ¢y Im ¢,

* We have not found any simple interpretation of A (do/dr)
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Fig 1. A plot of the measured quantity

!

do) {{do do do do do '(da
—1il--1=| = 0tH+ = . — (M) - - udr -
A(dt)/ (dz) [dt an dt @) dt av dr ( )] .dr)
2
= 8(2151% + Re (01030301 /1012 + I + teg? ¢ 1 2 + dlpgi?)
as a function of t at Plab =6 GeV/e This quantity s also often denoted by the Wolfenstein

symbol 4C, The sohid curve 1s drawn from the numbers given in the specific model of ref
nn

[4] The dashed line corresponds to taking Re (w1¢§ sp:;wz) = 0 to see the effect of the se-
parate pieces The data points are taken from O'Fallon et al, [10]

which 1s not expected In any case, knowing both Ao, and A(do/dt) near 1 =0
will be rather uscful information, as discussed above at £ = 0 one can actually
determine the amplitudes.

At larger —¢ the behavior of A (do/dt) could be mapped out in terms of the
amplitudes, but no point of qualitative significance appear to arise, and we con-
tent ourselves with fig 1 Perhaps from some other point of view a simpler mter-
pretation will arise.
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