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We present density-matrix elements and single-spin correlations for the reaction p,p—pw*n at 3,
4, 6, and 11.75 GeV/c, using both longitudinal and transverse beam polarizations. For small
momentum transfers, the spin correlations are mainly due to off-shell 7*p elastic scattering, while
for larger ¢ there are large polarization effects associated with the production dynamics for
pwp—A**n. Comparison of longitudinal and transverse polarization correlations suggests that the
A**-production spin effects are due mainly to unnatural-parity exchanges. We present a model-
dependent amplitude analysis, and extract the energy dependence of the natural- and unnatural-

parity-exchange contributions.

I. INTRODUCTION

We present measurements of single-spin correlations
and density-matrix elements in the reaction

pp—prtn, (1)

at 3, 4, 6, and 11.75 GeV/¢, based on samples of 495 000,
550000, 1072 000, and 2047 000 events, respectively. The
data were taken with the effective-mass spectrometer
(EMS), using the polarized proton beam from the Zero
Gradient Synchrotron (ZGS). Both longitudinal- and
transverse-polarization data were obtained at the higher
energies, 6 and 11.75 GeV/c; comparison of these dif-
ferent polarization states permits model-independent
separation of natural- and unnatural-parity-exchange con-
tributions. Some preliminary results based on the lower-
energy transverse-polarization data have been reported
elsewhere.!
The quasi-two-body reaction

pp—ATT(1236)n ()

has been studied from threshold to CERN ISR energies,’
with unpolarized beams and with lower statistics than the
EMS experiment. The only data on spin correlations
above 1.5 GeV/c are those from the EMS experiment and
from the 6-GeV/c bubble-chamber exposure reported by
Eisner et al.> Note that, owing to the Pauli principle, the
spin-averaged cross sections for reactions (1) and (2) are
symmetric for forward and backward scattering. Howev-
er, the spin correlations need not be symmetric, and in-
volve different physics for the two domains: small
momentum transfer from the polarized beam to the out-
going neutron, as studied by Eisner et al.,* and from the
polarized beam to the A**, which is the case for the
EMS experiment. To the extent that pion exchange dom-
inates at these energies, the spin correlations involving the
proton-neutron vertex are sensitive to 7-4; interference,
while those involving the proton-A*™* vertex (e.g., as in
the EMS experiment) require 7-B interference. We re-
mark that m-A4, interference has been studied in the
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analogous charge-exchange (CEX) reaction*
7 p,—p%770)n . (3)

Large polarization effects are seen in reaction (3) and in
both kinematical regions for reaction (2).

We present elsewhere® our analysis of EMS data on re-
action (1) for momenta from 1.2 to 2.0 GeV/c. The com-
bined results from the EMS experiments allow a detailed
examination of the development of reaction (2) from
threshold to high energy. This is of particular interest in
the study of dibaryon resonances, since it has become
clear that these phenomena are either threshold effects in
the pp-NA coupled channels, or Breit-Wigner resonances,
and in the latter case, they must decay predominantly into
the NA channels. The higher-energy data reported here
may be regarded as the “nonresonant” background against
which the low-energy structures should be compared. It
turns out that there are significant energy dependences in
the spin correlations, particularly in the “resonarice” re-
gion.

Our goal in this paper is to present the experimental
measurements and the formalism needed to relate ampli-
tudes and observables. In order to differentiate “trivial”
sources of spin dependence, namely, off-shell pion-proton
elastic scattering in reaction (1), from those involving the
production dynamics of reaction (2), we have compared
our data with a simple pion-exchange model, the Williams
model (WM).%” We have also examined the energy depen-
dence of the natural- (NP) and unnatural-parity- (UP)
exchange contributions, using quark-model arguments
and the comparison of longitudinal- and transverse-
polarization correlations; from these considerations we
have been led to a model-dependent amplitude analysis of
reaction (2).

The plan of the paper is as follows: Sec. II covers the
experiment and the data analysis; Sec. III reviews the
density-matrix element formalism we have adopted; Sec.
IV presents the experimental observables; Sec. V reviews
the NP-UP separation and the amplitude analysis; and
Sec. VI concludes with a summary. The Appendix de-
scribes the pion-exchange parametrization.
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II. EXPERIMENT AND DATA ANALYSIS

The topology of reaction (1), involving two forward
charged tracks and a neutral recoil, is identical to that of
other CEX reactions studied with the EMS (Refs. 7—9),
and the trigger logic and event reconstruction details were
essentially the same as described in Ref. 7. The beam line
and the hydrogen-target station evolved considerably over
the course of the experiment. For the earlier 3-, 4-, and
6-GeV /c transverse-polarization running, the beam was
transported by a conventional magnet string to a 20-in.
liquid-hydrogen target, as described in Ref. 10. The
11.75-GeV/c data taking required a superconducting
beam line and used a thinner-walled 10-in. liquid-
hydrogen target, as in Ref. 11. For the longitudinal-
polarization measurements at 6 and 11.75 GeV/c the
beam line was further modified by inclusion of two super-
conducting solenoids; the combination of solenoid and di-
pole magnetic fields was arranged to precess the proton
spin from the vertical direction at the start of the beam
line, to a direction parallel (antiparallel) to the proton
momentum at the hydrogen target at 11.75 (6) GeV/c. In
addition, the longitudinal data taking made use of a
recoil-particle vertex detector which was intended for ex-
periments on diffractive reactions; for reaction (1) the de-
vice was used only in software to improve background re-
jection. The EMS configuration used for this running, in-
cluding the beam line and the vertex detector, was essen-
tially as described in Ref. 12.

In brief, the event trigger used a hodoscope downstream
of the EMS analyzing magnet, together with a hole-
dE /dx counter upstream of the magnet, to impose a
two-prong topology requirement; in addition, a neutral
recoil requirement was imposed by a system of veto
counters placed around the hydrogen target and the
upstream aperture of the spectrometer magnet. Systemat-
ic corrections for hodoscope inefficiency and false vetoes
due to & rays and recoil-neutron interactions were mea-
sured with special runs having looser trigger conditions,
as in Ref. 7.

Since the recoil neutron was not detected, the identifica-
tion of reaction (1) depended on the missing-mass con-
straint provided by the forward momentum-analyzed
tracks, e.g.,

pp—»pf‘lrg'(X) , (3a)
pp —>ps1r}'(X) , (3b)

where we have indicated the possible ambiguity in the
identification of the forward fast and slow (f,s) tracks.
At 3 and 4 GeV/c the resolution in M2 was good enough
to provide unambiguous identification of the final state,
but for the higher energies, Cherenkov identification was
essential. This was provided by a large aperture, segment-
ed, high-pressure Cherenkov vessel placed downstream of
the spectrometer. This device has been described in Ref.
13, and its use in other CEX reactions is discussed in Ref.
9. For reaction (1) the Cherenkov threshold was set at
1.45, 1.56, 2.0, and 3.0 GeV/c¢ pion momentum, respec-
tively, at 3, 4, 6, and 11.75 GeV/c beam momentum. Fig-
ure 1 provides an example of the use of this counter; we
have selected samples of events in which the counter did
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FIG. 1. Missing-mass-squared distributions for pp —pm+(x)
for 4, 6, and 11.75 GeV/c for events which did not fire the
Cherenkov counter; (a), (c), and (e) are for the correct hy-
pothesis, namely, fast proton and slow pion for the final-state
charged tracks, while (b), (d), and (f) are for the incorrect hy-
pothesis.

not fire, which is the most common topology for reaction
(1) and, even more so, for reaction (2). Figures 1(a), 1(c),
and 1(e) show the M,? distributions for the correct final-
state hypothesis, namely, reaction (3a) (fast proton, slow
pion), while Figs. 1(b), 1(d), and 1(f) show My? for the in-
correct hypothesis (slow proton, fast pion). It is clear that
(3a) and (3b) cannot be separated by My’ alone on an
event-by-event basis for 6 and 11.75 GeV/c, but the level
of misidentification can be estimated statistically by com-
paring the My? distributions for the “correct” and “in-
correct” hypotheses.

For (p7*) masses above the AT peak, the charged
pion can be above Cherenkov threshold, and we have ex-
amined the appropriate missing-mass plots for events in
which the counter did fire for a variety of topologies.
Identification ambiguities occur at the ~5% level, and
for these events we chose hypothesis (3a). We used events
from the reaction

pp—pmw (ATT) (4)

to calibrate the Cherenkov efficiency and the selection al-
gorithms. Using a Monte Carlo simulation with a realis-
tic pmt mass spectrum, we have estimated that
Cherenkov-identification errors would result in a ~1.5%
loss of good events in the A** band, and a ~1.5% back-
ground from misidentified higher-mass events. No fur-
ther corrections were made in the analysis for these small
biases. After Cherenkov selection, missing-mass cuts on
My*-M,? of +0.12, 0.16, 0.24, and 0.60 GeV? were im-
posed at 3, 4, 6, and 11.75 GeV/c, respectively. Events
surviving these cuts were kinematically fitted to the
recoil-neutron hypothesis.



In addition to two-prong triggers, the EMS recorded
random beam triggers to help monitor the effective beam
fluxes, and elastic scatters to monitor the beam polariza-
tion. The elastic scatters were also useful in maintaining
the momentum calibration and alignment of the spec-
trometer, especially at the higher momenta where the My?
resolution was poorest. The beam polarizations were ob-
tained by fitting the raw asymmetries to polynomials in ¢,
the shapes of which were fixed by elastic polarization data
from other experiments."* The elastic asymmetries ob-
tained in this fashion served to calibrate the CERN polar-
imeter!® in the main extracted beam line. This in turn
was used to determine the polarization for the longitudi-
nal running. We obtained transverse polarizations of
80%, 72%, 63%, and 47%, respectively at 3, 4, 6, and
11.75 GeV/c, and longitudinal polarizations of 65% and
55% at 6 and 11.75 GeV/c; we ascribe an overall scale
uncertainty of +10% for these values, owing mainly to
uncertainties in the elastic analyzing powers at these ener-
gies.

The beam spin was flipped on alternate ZGS pulses.
The relative fluxes for spin up and down were found to be
equal to better than 1%. Systematic uncertainties in these
relative fluxes could in principle lead to false asym-
metries; however, these false asymmetries are negligible
compared with the statistical errors.

The fitted events from reaction (1) were binned in MM+

and ¢ (the momentum transfer from the polarized proton
to the A**). The events were then fitted to the most gen-
eral moments expansion allowed by parity conservation:

d*o
2 M
Pla = [a.y ReYM6,4)
" dtdM, .dQ L};{l e
+P,.brp ImY}(6,4)
+Pycpp ReY(6,4)
+P,dy ImYM(6,4)], Q)

L'M'
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where Q=(0,¢) gives the proton direction in the p7™ rest
frame (RF). The Cartesian components of the beam po-
larization vector refer to a system of axes in which 2 is
parallel to the beam direction and ¥ is along the overall
production normal defined by PpyeamXpa. The unpolar-
ized coefficients a;,, were obtained by spin averaging the
data; d;,, were obtained by comparison of spin-parallel
and -antiparallel longitudinal data, and b;,, and ¢y by
comparison of spin-up and -down transverse data, using
the relations

P, =P, siny , (6a)
P,=P, cosy, (6b)

where P, is the transverse polarization and ¢ is an azimu-
thal angle defining the relative orientation of the spin vec-
tor and the production normal.

To correct for geometrical acceptance, we used the
maximum-likelihood procedure described in Ref. 7. For
each point in MMH t, 6, and ¢ phase space, the accep-
tance can be defined by an allowed range in the angle ¢:

1
el Mpﬂ*’t’9’¢)= 2 falloweddlp : ™

The  range was defined analytically by fiducial cuts
which were imposed on the events and on the acceptance
calculation. Additional nongeometrical corrections, for
example, those due to secondary interactions, varied slow-
ly with ¢ and were applied in essentially multiplicative
fashion. The correctness of the procedure was checked by
examining the ¢ distributions and by varying the allowed
Y apertures.

The maximum-likelihood solution for the spin-averaged
moments can be expressed by the coupled equations

€(M,1,Q)ReY(6,8) 3 ReY} (6,4)ap ppdM dtdQ

ReY}(6,,9;
( L( ,¢) =Ff
00( 91’ ’¢i »aLM )

, (8)

0‘0(6,¢,&LM)

where the sum on the left-hand side (LHS) is over events (i) in the bin, and F is the luminosity in events/mb. The quan-

tity oy denotes the unpolarized cross section,

00(6,¢,5LM)= 2 6LM RCY[{W(G,(ﬁ) ’
LM

9)

and dp,, are any set of starting values that satisfy positivity and are reasonably close to the true solution, ay .
The polarization coefficients are obtained in analogous fashion, except that the sum over events on the LHS of Eq. (8)
is replaced by the difference of sums over spin-up and -down events. For example, for the longitudinal case we have

P, ImYM6;,¢;)

€M,,Q)ImY(8,4) 3 ImY} (8,8)d, prdM dtdQ

L'.M'

_ —Fp?
[? ; } 00(6;,6:,8Lm) w2

[Equation (10) assumes equal luminosities, F,=F,, for
the up and down samples, with F =F, +F,.] The corre-
sponding equations for b; s and ¢y, are coupled, and re-

quire explicit integration of sin?y, sinycosy, and cosZy
over 1 on the RHS of Eq. (10), owing to relation (6).

(10)
00(0,¢,6LM)

I
Both Eqgs. (8) and (10) give unbiased estimates for the
moments and are good approximations to the exact
maximumd-likelihood prescription. The error matrices for
the moments follow directly from Egs. (8) and (10).
Systematic corrections were made for reconstruction
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inefficiency [(5+4)%], trigger inefficiency [(2+2)%],
secondary interactions in the target and spectrometer
[~(6+3)% for the 10-in. target, depending on kinemati-
cal configuration], and vetoes caused by & rays and secon-
dary interactions [ ~(10£4)%]. We estimate a systematic
uncertainty of +10% on the overall normalization, in ad-
dition to the +10% uncertainty in the values of the beam
polarization.

The missing mass peaks in Fig. 1 indicate the presence
of backgrounds from processes such as

pp—pm(AY) . (1n

To correct for these backgrounds, we binned the data in
somewhat coarser bins in M ot and ¢, and carried out the
moments fits as functions of My2. The My? spectra for
each moment were fitted to Gaussian signals plus polyno-
mial backgrounds, including terms representing reaction
(11). These backgrounds, and also the signal losses associ-
ated with the finite cutoffs on My?, were interpolated in
M’m+ and ¢ and applied as corrections to the moments
data base. It is difficult to attach a rigorous uncertainty
to these background corrections; what we have done is to
assign an error, equal to half the background correction,
which we have added in quadrature to the statistical er-
rors on the moments.

III. FORMALISM

Before examining the data, we summarize the formal-
ism which we have developed for reaction (1)." First, we
use the Basel-convention production normal given by

Y=Pp XPa (12)

where p, and p, are the polarized beam proton and A++'

2 d*o -
Puvay drda =

momentum vectors in the overall cm. The A*+ decay an-
gles are defined by

cos@=p,-z, (13a)
sinf cos¢ =p,-(yXz), (13b)
sindsing=p,'y, (13¢)

where p, is the proton momentum in the p7+ (e.g., A*™)
RF and z is the s- or t-channel z axis in that frame; we
adhere to the usual conventions, namely,

(14a)
(14b)

Z;=—Pp,
Z,=+Pp >

where p, and p, are the recoil-neutron and beam-proton
momenta in the pr* (RF).

We defined the s-channel Cartesian components of the
beam polarization in Sec. II, namely, P, is measured
along y, and P, along the beam momentum direction.
For t-channel observables, P, is still measured along y,
but P, is referred to the z axis given by the vector —P, in
the beam-proton RF. The s- and t-channel polarization
components are related by a rotation around y given by

P, cosX, sinX, | |P,

P, —sinX, cosX, | |P, (15)

t channel s channel

With the above z-axis conventions, X, —0 for ¢ ~?;, and
X, =~45° for larger t values. An analogous crossing angle
Xa relates the vectors z; and z, in Eq. (14) in the A*+
RF; X,—0 for t ~t,, and X, =~90° for larger ¢ values.
The Y}' moments in Eq. (5) with L >3 turn out to be
small in the fits for MMJr < 1.4 GeV, and we ignore them
in the subsequent discussion. We can then recast the

L <2 moments in terms of 18 density-matrix elements
(DME’s):

0011;[ (p11+Pyp11)(3 0’0+ 1)+ (p33+ Py p33)(35in0) — (p31 + Py p3 {4V 3 sinf cosd cosg)

—(Pyp31+P,p3;)(4V 3 5in6 cosO sing) — (p3_; + Pyp3_1)(2V3sin’6 cos24)

~(Pyp3_1+P,ps_1)(2V35in’0sin26) + (p, + P, p; (4 cosh)

+(ps —1+Pyps _1)(4sinfcosd)+(Pyp; 1+ P,p; _1)(4sinBsing)] . (16)

For mnemonic purposes, we have specified the spin-
averaged DME’s by p,;, and the spin correlations by
Pyp;;, where the latter are linear combinations of the by,
crym» and dpy, coefficients in Eq. (5). To avoid confusion,
note that Pip;; is a symbol and denotes the spin correla-
tion for, e.g., 100% beam polarization along axis k.
Equation (16) provides a complete description for pro-
duction of pm™ isobars with internal orbital momenta,
I=0 or 1. We will denote the jP=+", 1% and 2
waves, respectively, by s, p, and A; s and p are non-
resonant background waves under the A**, and are

|

presumably related to the same waves in elastic 7p
scattering. Figure 2 depicts the probable origin of the
three isobar contributions; all waves should be excited by
pion exchange (2a), while A** production may be medi-
ated by other CEX mechanisms (2b). Because the A**-
production waves are clearly dominant, for discussion
purposes we need consider only interferences of the type
A-A, s-A, or p-A. Then the correlations involving p;, and
Ps. in Eq. (16) arise from s-A interferences, while the oth-
er DME’s are due to p-A or A-A contributions. The s-
and p-wave amplitudes are a distinct nuisance; since the
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FIG. 2. Charge exchange mechanisms: (a) pion exchange
with off-shell 7¥p, elastic scattering, and (b) A** production
by Regge exchanges.

A* Y Breit-Wigner phase is ~90° ahead of the s- and p-
wave phase shifts in 7*p elastic scattering, Im(s*A) and
Im(p*A) are nearly maximal and give rise to significant
spin correlations. In order to expose the A-A interference
terms, we need to remove the p-A interference contribu-
tions using, for example, a pion-exchange model. For-
tunately, such a computation can be calibrated by the s-A
interferences, which have the virtue of being isolated in
the Psl’Ps-l DME,S.

To proceed further, we can expand the DME’s in terms
of]L s- or t-channel |helicity amplitudes, e.g,

A "(M o+s1), where Ay, Ay, A,, and A, are the helicities
of the A + , beam proton, recoil neutron, and target pro-
ton, r&spectively. It is convenient to work with linear

combinations of the A’s which correspond asymptotically
to NP and UP exchanges, namely,

Apd, Aphy
N++ =42 4+42", (17a)
AL Apdy
N =4" —A+_ , (17b)
A }. A\A
Ul —A++ —A2" (17¢)
AL )L A
ULt =4"% +A+_ , (17d)

where + + denotes (A,,A;)=(3,7), etc. At the recoil-

neutron target-proton vertex, the N amplitudes involve
transitions of the form 1+ 0y, whereas the U amplitudes
are of the form o-X+o0-2, where ® and 2 are vectors in
the scattering plane. Note that Eq. (17) applies to s and p,
as well as A production. Because our experiment averages
over target and recoil spins, there are no interferences be-
tween any of the four types of amplitudes in Eq. (17).
Furthermore, because of parity conservation,

AT o(m PRt R Ay g (18)
only half of the amplitudes are 1ndependent and we can
fix A,=+5. [In Eq. (18), 2=38§;= 2 +J; jis the total J
and n=(—1)"*+! the intrinsic parity of the pm* system.]
Thus, we drop A, =7 in Eq. (17), and refer henceforth to
amplitudes N¥,, N¥_, UM, and UY,, with M =2A,.
We adopt a normalization such that

d
plb
® aM .dt j%, 2

X UY, 24+ UY, |

+INYL PP INYL D)

(19)
The DME’s all have the same formal expansion for
each of the four N- and U-type amplitudes with one im-
portant exception: The transverse-polarization correla-
tions P, ,p;; have opposite signs for N*N as for U*U
contributions, and so we introduce a naturality factor
&=+1 (NP), —1 (UP) directly into the DME expansion.
for brevity we use s™, p™, and A¥ to denote production
of s, p, or A waves by any of the UM, N™ amplitudes; we
can then express the A-A, s-A, and p-A contributions to
the DME’s as follows:

opn=|A'|*+ |A“1|2+A1 I _A-lplt (20a)
opy=| AP+ AT} 2=Ap*+ AT, (200)
Up31=A1A3*—A‘1A‘3"
(A3 1*+A—3 —1% \/§A1 —1% \/§A I llr
(200)
0p3_1=A'AT* L ATIA* LA AT (20d)
P =E(—2A"'A" —A~Ip*—Alp~IY), (20e)
OPypy;=E£(2A 3AM 1AL p1* LAY 0
oPypy=£[—A'AT* —A~TA
+%(A‘3p“—A3 ‘1'+\/3A 1, —1%
—V3Ap")], (20g)
OPypy_1=E(—ATIATH* L AIA® L AT I L A%,
(20h)
anp3,=§[—AlA‘3*+A"1A3'
-f--;-(A 3p"+A3 ‘“‘+\/_A 1, —1%
+Vv3Ap'")], (20i)
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__A—IA—St__AlA3t+A 3p-1t Alplt) ,

(209

oPep;_1=§l

aPzP3l= A—1A~3t+A1A3t
( A3 1#+A-—3 —-lt+\/§Alp—lt

—V3A p!), (20k)
OP,ps_1=—AAT3* L ATIA A A1, 201
UPsl—Al e L A-lg—1* (20m)
0Ps-1=’;'(A Ighe _Alg—1* L /FA—35 1% _A3gl*)

(20n)
oPyp,1=§(— A-ls1* L Alg —1:) (200)
UPPs—x—é'[z(A lg—lx L Algl* _/A—31%
—V3A%~1")], (20p)
anps—l"g[ LA lg— 1 _Algl* /A 3g1*
+V3A3%-1%)], (20q)
oP,p,_1=+5(Als7* L A1 L V/3AK !
+V3A s (20r)

Equation (20) is an implicit summation over the four
noninterfering N_,-, N, .-, U__,-,and U, -type am-
plitudes, and the amplitude products refer to Re(NN*),
Re(UU*), for the unpolarized DME’s, and Im(NN*),
Im(UU™) for the polarization correlations.

There are several useful features to note regarding the
amplitudes and observables.

(a) In the forward direction (¢ =t;,, or t'=0), there
are only four independent nonvamshmg amphtud& hav-
ing net helicity flip n =0; these are N, and U} |, and
the double-flip amplitudes, which are related by

N L (t'=0)=-U>(¢'=0), (21a)
NZL('=0=UZL(t'=0) . (21b)

(b) The DME’s which involve ¢ dependence in Eq. (16)
should, naively, vanish at ¢t =t_;,, where the production
normal and, hence, also ¢ are undefined. The actual situ-
ation is more complicated, and we have the constraints

(22a)
Pyp, _1(t'=0)= —P,p,_,(t'=0) . (22b)

From Eq. (21) it is easy to show that all other ¢-
dependent DME’s do vanish at ¢ =t_;,. The nonvanish-
ing terms in Eq. (22) survive because the correlation be-
tween the beam spin and the decay plane defined by the
pmt system need not vanish at t=t_;;; this kind of
correlation is expected for the off-shell 7*p elastic-
scattering contribution of Fig. 2(a).

() The sums 20(p;+p33)=0 and 2(P,p;+P,p33)
eliminate p-A interferences; the latter is analogous to the
left-right asymmetry in any two-body scattering process,
and the summation simply integrates over the p7™* decay
distribution.

Pyp3(t'=0)= —Pyp3(t'=0) ,

(d) The A-A interferences in the P, and P, correlations
are related [cf. Egs. (201)—(201)]. For pure UP production
(é=—1), we would have

(23a)
(23b)

Pip31=—P,p3_,,
P,p;_, =Pzp31 »

with opposite signs for pure NP production. This permits
some separation of the different naturality contributions.

As noted above, in order to separate the s-A and p-A in-
terference contributions from the A-A terms of interest,
we have used a variant of the Williams model,® which
essentially adds simple absorptive corrections to the
Chew-Low!® description for pion exchange; our parame-
trization has been shown to provide a fair description of
analogous CEX processes such as p® production in reac-
tion (3) (Ref. 7). Details are provided in the Appendix.
The description involves seven free parameters at each en-
ergy; the parameter values, based on fits to the DME’s
Pi1s P33 P31> and p;_; over the interval — t <0.6 GeV?, are
listed in Table I. Physically the parametrization incorpo-
rates four key features: (1) the U ! amplitudes dominate
for small ¢, (2) the t-channel U~3% and N —3 amplitudes
vanish, (3) the NP and UP flip amplltudes of Eq. (21) are
nonzero for t'=0, and (4) s-channel U? , and UZ! have
crossover zeros near —t'=m,>.

IV. RESULTS

This section provides a cursory review of the measured
observables as functions of MN+, t, and pj,,. Data tables
for all the s- and tz-channel observables are available on re-
quest in a separate report.!’

Figure 3 shows the differential cross sections for the
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FIG. 3. Forward differential cross sections for pp—A*+*n,
with pion-exchange (WM) fits (solid curves); the cross sections
have been corrected by a factor 1.24 to account for the A* ¥ tail
outside the selection band (1.15 < M”+ < 1.34 GeV).
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TABLE 1. The values of the seven parameters obtained from fits to the WM parametrization, over
the range —t <0.6 GeV2. Also listed are the crossing factors P #! defined in the Appendix; these have
been evaluated at Mmr"': 1.24 GeV (except for P'=1.00, they have significant Mp# dependence.)
The errors are statistical only, and (f) denotes a fixed parameter.

3 GeV/e 4 GeV/c 6 GeV/c 11.75 GeV/c
G (mb'”?) 2.74(0.03) 3.07(0.02) 3.04(0.02) 3.21(0.03)
B (GeV~?) 1.54(0.08) 1.74(0.04) 2.29(0.03) 3.80(0.08)
B_ (GeV™?) 6.29(0.10) 7.09(0.12) 6.71(0.14) 6.83(0.28)
D_ (GeV—*) 6.20() 6.23(0.45) 5.35(0.10) 5.17(0.64)
B, (GeV~?) 6.75(0.08) 7.34(0.13) 6.60(0.33) 5.57(0.16)
D, (GeV—*) 9.00(f) 9.06(0.26) 7.16(0.19) 5.28(0.30)
S 1.27(0.02) 1.12(0.01) 1.07(0.01) 0.97(0.01)
P-3A) 2.69 2.41 2.15 1.91
P-(A) —2.81 —2.73 —2.65 —2.57
PlA) 1.00 1.00 1.00 1.00
P¥a) 3.57 3.56 3.55 3.50
P =) —0.76 —0.68 —0.61 —0.55
Ps) 1.00 1.00 1.00 1.00
P-p) —3.36 —3.44 —3.49 —3.50
PYp) 1.00 1.00 1.00 1.00
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A** band (1.15 <Mpﬂ_+ < 1.34 GeV), corrected by a fac-
tor of 1.24 to account for the A Breit-Wigner tail outside
of this band. The curves illustrate the fits to the WM pa-
rametrization. Figure 4 shows the mass spectra for
—t<0.2 GeV?, together with the fits; the mass depen-
dence is fixed by the m*p elastic phase shifts [cf. Eq.
(A1)], and adjusting the A Breit-Wigner parameters could
clearly improve the fits somewhat. The mass spectra have
essentially the same shape at larger ¢ values as well. The
integrated asymmetry 2(Pyp;;+ Pyp33) is shown in Fig. 5.
The solid curves are simply a polynomial interpolation

chosen to be identical at all four energies, so as to display
better the py,, dependence. This asymmetry would vanish
for the WM, and must be due to A*A interference terms
associated with 7, B, p, and A4, exchanges; note that 4,
exchange, although prominent in reaction (3), should not
contribute strongly to this asymmetry, because m-A4, in-
terference vanishes in averaging over target and recoil hel-
icities.
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data.



26 A. B. WICKLUND et al. 34

The unpolarized DME’s, p;1, p33, P315 P3—1> Ps1» and
ps_1 are shown in the s channel in Figs. 6(a)—6(f), respec-
tively, and in the ¢ channel in Figs. 7(a)—7(f), together
with the WM fits. Some of the characteristic features of
the WM model, which follow from the absorptive cuts in
the n =0 double-flip amplitudes, are (1) a sharp forward
peak in s-channel ps; [Fig. 6(b)], and (2) crossover zeros
near —t =m,? for s-channel p3, and p, _, [Figs. 6(c) and
6(f)]. In the ¢ channel, the DME’s are slowly varying at

small ¢, similar to other 7-channel pion-exchange reactions
such as p° production [reaction (3)] and also

K+tn—K*%(890)p ,
K—p—K*%(890)n .

(24a)
(24b)

Note that p;_; =0 in the ¢ channel [Fig. 7(d)], as expected
in the WM; this is analogous to p;_;~0 for the p® and
K*9 production reactions. In Figs. 6(e) and 6(f), and 7(e)
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FIG. 6. (a) s-channel p;; in the A**+ band (1.15—1.34 GeV), with the WM fits (dashed curves), plotted against V' —t. (b) s-channel
P33, as in (a). (c) s-channel ps;, as in (a). (d) s-channel p;_,, as in (a). (e) s-channel p;,, for the band 1.24<Mp"+ < 1.34 GeV, with

WM predictions (dashed curves). (f) s-channel p;_;, as in (e).
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FIG. 6. (Continued).

and 7(f) we have shown p,; and p,_; for the high-mass
side of the A+, 1'24<Mp1r+<1'34 GeV, whereas the
other  DME’s are for the full A** band
(1.15 <Mp"+<1.34 GeV). This is because p,; and p;_,
are proportional to Re(s*A) in the WM, and are expected
to change sign near the A mass where 8§, —6,~90°. The
mass dependence of these DME’s, for —t<0.2 GeV?,
bears out these expectations (Fig. 8); the solid circles in
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Fig. 8 show p;_;, the open circles ps;. (The larger error
bars on the 11.75-GeV/c data for p;; simply reflect the
larger background subtractions for this DME, as ex-
plained in Sec. II.) We remark that not only p,, and p, _,,
but also the DME’s which are dominated by A-A contri-
butions, show appreciable mass dependence; this is quali-
tatively explained by the mass dependence of the crossing
factors in the WM. For example, Fig. 9 shows the mass
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FIG. 7. (a) t-channel p;; in the A** band (1.15—1.34 GeV), with the WM fits (dashed curves), plotted against V' —¢. (b) t-channel
ps3, as in (a). (c) t-channel p;y;, as in (a). (d) t-channel p;_,, as in (a). (e) t-channel p,;, for the band 1.24 <M"+ < 1.34 GeV, with

WM predictions (dashed curves). (f) t~channel p; _,, as in (e).
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FIG. 7. (Continued).

dependence for p;; for —t <0.2 GeV?, together with the
WM prediction.

For small ¢, the helicity-conserving amplitudes s', p',
and A! are expected to dominate in the WM, and conse-
quently the main polarization contributions from s-A in-
terference are expected to arise in P,p,_; and P,p;_, [cf.
Eqgs. (20p) and (20q)]. These are plotted against V' —¢ in
Fig. 10 in the s channel (open circles for P,p;_,, solid cir-
cles for P,p;_;), together with the WM predictions.
They are approximately mirror symmetric, as expected,
and independent of pj,,. The same quantities are shown

as functions of mass in Fig. 11, for —¢ <0.2 GeV2 Note
that they vary rather slowly with mass in the A** band;
it is a trivial exercise to show that Im(s*A)/| A | ? would
be constant if the s wave were constant with mass and
mainly real, as is approximately the case. We remark that
the r-channel behavior of these quantities is quite similar.
The other s-A spin asymmetries are shown as functions of
V' —t in Figs. 12(a) (Pyp,;) and 12(b) (P,p;_,), in the s
channel. These are expected to be small in the WM, but
given the rather complicated makeup of these DME’s
[Egs. (200) and (20r)], it is perhaps not surprising that the
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FIG. 8. s-channel p,; (open circles) and p,_; (solid circles),
with WM predictions (dashed curves), as functions of mass.

WM predictions are only qualitatively successful.

Figures 13(a)—13(h) show the s-channel spin correla-
tions against ¢ for the DME’s which involve A-A or p-A
interferences: Pyp,; (a), Pyp3; (b), Pyp3; (c), Pyps_; (d),
Pxp3l (e), PxP3-l ®, Png,l (g), and Pzp3_| (h). The solid
curves are polynomial interpolations chosen to be identi-
cal at all four energies, for each DME, just as in Fig. 5; it
is obvious that none of the DME’s shows any striking
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FIG. 9. s-channel p;;, with WM predictions (dashed curves),
as functions of mass.
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departure from the “standard” shape as a function of pj,p.
The dashed curves in Figs. 13(a)—13(h) show the WM
predictions for the 6-GeV/c data, based solely on the ex-
pected p-A interference. As noted above [Eq. (22a)],
P,p;; and P.p;; need not vanish at t'=0, because they in-
clude mirror-symmetric contributions from Im(p'*A')
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FIG. 12. (a) s-channel P,p,;, with WM predictions (dashed curves), plotted against V' —t. (b) s-channel P,p,_,, as in (a).

[Eqgs. (20g) and (20i)]; this is reflected in the dashed curves
and seems to be approximately valid at small ¢ [Figs. 13(c)
and 13(e)]. This behavior is analogous to that of P,p,_,
and P.p,_, in Fig. 10, which receive equal and opposite
contributions from Im(s!*Al).
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The t-channel spin correlations do not offer any strik-
ing simplifications. Figures 14(a) and 14(b) show Pypyy
and P,p3;; in the ¢ channel, with analogous solid and
dashed curves as in Fig. 13. The important point to note
is that the p*A terms (e.g., the dashed curves) do not ac-
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FIG. 13. (a) s-channel P,p,, plotted against V't. The solid curves are a fixed polynomial, based on an average of the 6- and 11.75-
GeV/c data. The dashed curve at 6 GeV/c gives the WM prediction, based on the p-A interference contribution. (b) s-channel P,p;;,
as in (a). (c) s-channel P,p;,, as in (a). (d) s-channel P,p;_,, as in (a). (e) s-channel P,p;, as in (a). (f) s-channel P,ps., as in (a). (g)

s-channel P,p;,, as in (a). (h) s-channel P,p;_,, as in (a).
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count fully for any of these DME’s, and it is clear that
A*A contributions are needed. This is not surprising in
view of the large left-right asymmetry (Fig. 5), which
must be almost entirely due to A*A interference (e.g., ig-
noring p*p and s*s contributions).

As noted above [cf. Eq. (23)], we can test for the na-
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turality contributions by comparing the P, and P, observ-
ables. This comparison is shown in Figs. 15(a) (6 GeV/c,
s channel), 15(b) (12 GeV/c¢, s channel), 16(a) (6 GeV/c, ¢t
channel), and 16(b) (12 GeV/c, t channel). The approxi-
mate mirror symmetry of P,p;; and P,p;_,, and of
P,p;s_, and — P,p;;, suggests dominance of UP ex-
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changes. We have subtracted the small p*A interference
contributions from these DME’s, using the WM; the solid
curves are polynomial fits to guide the eye (they are virtu-
ally identical at the two energies). This mirror symmetry,
together with the large value of the integrated asymmetry,
2(Pypy1+Pyp33), is in our view the most incisive result of
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T
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V=t [GeV]

the experiment. It suggests that the NP contributions to
the spin correlations are small at these energies, and that
the spin dependence in the A*A terms arises mainly from
interference of 7 and B exchange. It turns out that there
is a natural explanation for this in the simple additive
quark model.
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FIG. 14. (a) t-channel P,p,;, as in 13(a). (b) t-channel P,ps;, as in 13(d).
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FIG. 15. (a) s-channel P, (open circles) and P, (solid circles)
correlations at 6 GeV/c. The points have been corrected for the
p-A interference contributions, predicted by the WM. The solid
curves are polynomial fits based on an average of the 6- and
11.75-GeV/c DME’s, again with the p-A interference terms
subtracted. We have included an overall minus sign for P,p;,,
so that the P, and P, correlations would be mirror symmetric
for pure UP exchange, and identical for pure NP. (b) s-channel
P, and P, correlations at 11.75 GeV/c, as in (a).
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FIG. 16. (a) t-channel P, and P, correlations at 6 GeV/c, as
in 15(a). (b) t-channel P, and P, correlations at 11.75 GeV/c,
as in 15(a).

V. PHENOMENOLOGICAL CONSIDERATIONS

A. Quark-model relations

There are constraints from the additive quark model'®

(AQM) that relate the A-production amplitudes to each
other and to amplitudes for CEX vector-meson produc-
tion; the latter arise from the close analogy between the
CEX transitions p—A** and, e.g., K+ —K*°, which in-
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volve 'S;—>S, transitions for gq and g7 pairs, respective-
ly. The relations involving A-production amplitudes
alone are

N3=V3N—!, (25a)
Ul=—Vv3U !, (25b)
N—3=U3=N'=0. (25¢)

[Henceforth, we use N¥ and U™ as in Eq. (17) to denote
A-production amplitudes; they are normalized to give the
total A-production cross sections, integrated over MM+,
and so we suppress the explicit MI"r+ dependence of Eq.
(A1).] These relations are approximately satisfied by our
WM parametrization. Equation (25¢) is built into the ¢-
channel amplitude description, and the factor V'3 in Egs.
(25a) and (25b) is approximately valid for small ¢ [the ex-
act factor, based on Eq. (A9) and Table I, ranges from 1.3
to 1.4 near t'=0]. The relations (25a) and (25b) are also
approximately valid in the s channel in the WM, however,
small U~3, N3, and N'! amplitudes arise in the s chan-

nel, subject to the constraint
N3 VAN ~—0.4(t —t)2N3 . (25d)

The predicted relations between pp—A**rn and
K *n—K*%(890)p can be written

P (K*)=N*A), (26a)
P_(K*)=U%A), (26b)
Po(K*)=(3)2UY(A), (26¢)

where the K*C-production amplitudes are normalized as
in Ref. 7, namely,

g(K*)=|P |+ |P_ |2+ |Py|%. 27

Thus, with the A-production amplitudes normalized as in
Eq. (19), the cross-section relations are

o(K*)=+30a(A). (28)

We use Egs. (25a)—(25¢) to decompose the A-production
cross sections into

0 (A)=%0(p33+V3ps_)=2(|N3 |2+ |[N~'|?), (29a)
o_(A)=%0(p33—V3ps_)=2(| U3 |2+ |U~"|?), (29b)

ooA) =20 p“—ﬁ;i —2|U"|2, (29¢)
so that

o(A)=0(A)+0_(A)+0yA) (30)
and, in the AQM,

s _olA)=%0, _oK*). (31)

The three projections for the A** cross sections are
shown for 6 and 12 GeV/c in Figs. 17(a) and 17(b) (s
channel) and Figs. 18(a) and 18(b) (¢ channel), with poly-
nomial curves to guide the eye. The NP projection o is
frame invariant; Fig. 19 shows o, as a fraction of the to-
tal A-production cross section at 4, 6, and 12 GeV/c.
Note the following features: (a) o_ exhibits a sharp dip in

the s channel near —t =m,? as expected from the WM;
(b) o, shows a break in the r dependence around
—t=0.1 GeV? having a steep t dependence consistent
with pion exchange for small ¢ (e ~!"), and a very shallow
dependence characteristic of p and 4, exchange for larger
t (e~3); (c) o_ and o, have very similar ¢ dependence in
the ¢ channel, as expected in the WM; (d) o, has a strong
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FIG. 17. (a) NP (o,) and UP (o_,0() projections at 6
GeV/c, plotted against ¢, in the s channel. The projections are
obtained from the AQM, and are defined in the text. The sum
of the projections gives the forward differential cross section
P do /dt corrected for the A** tail outside the selection band
(1.15—1.34 GeV). (b) NP and UP projections at 11.75 GeV/c,
as in (a), in the s channel.



energy dependence relative to o _ and oy,.

Figure 20 shows a comparison of the s-channel projec-
tions for pp—At+n, 7 p—p%770n, and K*n
—K*%(890)p; we display polynomial interpolations of
these quantities at 6 GeV/c, using data from Ref. 7. We
have normalized the p° and K*° cross sections to obtain
agreement with oo(A) at small #; the normalization factor
needed for K*° is about twice that predicted by relation
(31). We note that all three reactions have similar ¢
dependence and exhibit similar break structures in 0.
Similar comparisons for unpolarized A and K *0 produc-
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FIG. 18. (a) NP and UP projections at 6 GeV/c, as in 17(a),
in the ¢ channel. (b) NP and UP projections at 11.75 GeV/c, as
in 17(a), in the ¢ channel.
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FIG. 19. The fraction o, /(0 +0_+0y), plotted against ¢
at 4, 6, and 11.75 GeV/c, as obtained from the AQM relations.
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FIG. 20. The NP (o) and UP (o_ and 0,) A**-production
cross sections in the s channel (solid curves), plotted against ¢
for 6 GeV/c. For comparison, the dashed (dotted) curves show
the o, o_, and g, cross sections for 7~p —p°n (K +n—K*%),
normalized to obtain agreement in o, at small ¢. The curves are
polynomial interpolations of data from this experiment and Ref.
7.
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tion have been given by Field'® and Itano et al.'® Also,
amplitude analysis of K*° production with a polarized
target has been reported by de Lesquen et al.,' and these
data, together with the present experiment, in principle,
permit more detailed tests of the AQM relations.

B. Energy dependence

We show a.g{t) for the A-production cross sections in
Fig. 21, based on fits to the 6- and 12-GeV/c data (in-
clusion of the 3- and 4-GeV/c data does not change these
results significantly). We find that 0 and o _ have ag~t
(solid curves), while o, switches from ag =t for
—1<0.1 GeV? to ag~0.45+1 for —¢>0.2 GeV2. The
latter behavior is obviously correlated with the break in
the o, t dependence shown in Figs. 17 and 18. Figure 22
shows the forward differential cross section for A** pro-
duction in reaction (2) at 1500 GeV/c¢ from de Kerret
et al.>® The upper curve in Fig. 22 shows a smooth in-
terpolation of the 1500-GeV/c cross section; the lower
curve is just an extrapolation of the upper curve from
1500 to 6 GeV/c, using prp ", with cgr=0.45+1
(GeV?). This extrapolation describes the 6-GeV/c o
data fairly well for —¢>0.15 GeV?2 It seems clear that
the sharp forward peak in o, at 6 GeV/c is due mainly

pp—> A0
|

g |
0.5 (c)

o] 0.5 1.0
-t (GeV?)

FIG. 21. Effective trajectories for the oy, o_, and o, projec-

tions, based on fits of the form py,,’do/dt < (pia )zadfm. The
solid lines give a(t)=t; the dashed line gives a(¢)=0.45+1.
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FIG. 22. The total py,°do/dt at 1500 GeV/c (open circles)
obtained by de Kerret et al. (Refs. 2 and 18) with smooth inter-
polation (top curve), and o, at 6 GeV/c obtained from the
AQM (solid circles); the 6-GeV/c¢ curve is just the 1500-GeV/c

2
curve scaled by (pap) a°ffm, where a.q(t)=0.45+1.
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FIG. 23. Total cross sections for pp —A**n from this exper-
iment (open circles) and from experiments listed in Ref. 2 (solid
circles). The points above 100 GeV/c are those reported by de
Kerret et al. The dashed curve is our estimate for the NP cross
section extrapolating the high-energy data with a.g{7)=0.454t¢.
The solid curve is the total A-production cross section obtained
by extrapolating 6-GeV/c 0, and o_, using adt)=t, added to
the NP estimate.



to the pion-exchange cut; because of its lower a., it is
essentially absent in the 1500-GeV/c data. Figure 23
shows total A** production cross sections for reaction (2)
from threshold to ISR energies, using the data of Ref. 2 as
well as this experiment. (These cross sections are doubled,
as compared with the forward cross sections shown else-
where in this paper, to account for target fragmentation.)
The dashed and solid curves indicate our estimate for the
NP contribution and the total. We took the NP cross sec-
tion from the 1500-GeV/c data, extrapolated downward
in py,p using a.=0.45+1, as in Fig. 22. We extrapolated
0g, 0_, and forward o, upwards from 6 GeV/c, using
a(t)=t as obtained from the 6- and 12-GeV/c compar-
ison, and thus obtained the total A-production cross-
section curve. A similar decomposition has been given by
Moriarty and Navelet.?

C. Amplitude structure

In trying to arrive at a plausible understanding of the
amplitude structure, we are guided by the following clues:
(a) the dominance of UP contributions in the P, and P,
spin correlations; (b) the WM features observed at small ¢,
in particular, the evidence for crossover zeros in U 3 and
U~% (c) the empirical energy dependence of o, and the
related break structure in ¢; and (d) the AQM relations
and the qualitative similarities between vector-meson and
A+ production. Combining these ideas, we can summa-
rize the AQM relations [Eq. (26)] as

[P, (p)+ P ()]

N3=V3N-1~ 3 =A;+p+Ten »
o (32a)
[P_(p")+P_(w)]
3 V33U~ -
U~—V3U~ '~ e 7_+B_, (32b)
U'=(3)"[Py(p°) + Polw)]=my+By , (32¢)

where we have used SU(3) relations to express the K*°
amplitudes of Eq. (26) in terms of those for p° and w pro-
duction, e.g.,

(m=p—p°n)+(r"p—own)

V72

The relevant exchanges are given on the RHS of Eq. (32),
€.g., T, Teu, and A, for p° production and B and p for o
production. The relative phases of the p’ and o-
production am_}nlitudes are known from p-o interference
measurements,’ and they are generally consistent with the
phases expected for the exchange contributions. Even
though the individual exchange contributions to the NP
amplitudes have presumably very different phases, the re-
lation N*=V"3N ~! results in phase coherence for the NP
amplitudes and explains the absence of NP spin-
correlation effects. Spin dependence can arise in the UP
sector because U' and U3~ —V3U~! are independent
and can have different phases, provided, e.g.,

B, B_

2= (34)

o m_

(K*n—K*%)= (33)

For w and p° production, it is found empirically that the
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LHS of (34) is much larger than the RHS, in the s chan-
nel’ (the opposite is true in the ¢ channel). Furthermore,
the p-w interference phases show that g is ~90° ahead of
By in the s channel. Thus, at larger ¢t where B exchange
becomes important, we would expect relative phases of 0°,
~ —45°, and 180° for s-channel U3, U!, and U™, respec-
tively [setting B_=0 and |B,| = |my| in Eq. (32)].
This is qualitatively what we find.

To proceed further, we assume spin coherence at the
recoil-nucleon vertex for larger t; specifically, we assume
that the N, and U, , amplitudes vanish in the s chan-
nel, except for those required in the WM [Eq. (A5a)]. We
also assume that s- and p-wave production is given by the
WM, leaving eight amplitudes, N¥, and U, to be
determined for A production. We can define the NP and
UP projections of the P, and P, observables as

N3y =P,p31+Pp3_y, (35a)
N3_1=Pyp3_1—P,p3, (35b)
Usi=Pps1—Pp3_1, (35¢)
Us_1=Pyp3_1+P;p31 . (35d)

Figure 24 shows the s-channel spin-correlation DME’s for
the A-A interference terms at 6 GeV/c; for illustration we
have subtracted the p-A contributions using the WM and
show the polynomial interpolations of the data. The re-
sults are similar at 12 GeV/c, except that Pyp,, is sys-
tematically smaller and P,p;; larger. Note that the NP
projections N3; and N;_; are small [Fig. 24(d)]; also
U3l =~ —2Pyp31 [Flg 24(b)] and U3_1 ~ —2Pyp3_1 [Flg
24(c)].

We can express the NP projections [Egs. (20i)—(201)] as

oN3 =2Im(N~IN*—NIN—3*), (36a)
oN;_1==2Im(N"IN“3* 4 NIN3*) . (36b)

The simplest ansatz to obtain N3; =N;3_; =0 is to use the

P4P—>4""n at 6 GeV/c
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FIG. 24. Polynomial interpolations of the spin correlations at
6 GeV/c which involve AA interference; the pA contributions
have been subtracted using the WM parametrization. The ob-
servables Us;, Us_,, N3;, and N;_, are UP and NP projections
based on the P, and P, correlations, defined in the text.
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AQM constraints. Specifically, we assume two indepen-
dent NP amplitudes, N>=Vv3N~! and N~*=V3N! [Eq.
(25d)]. In that case N3; and N, vanish, and there are
only two independent NP contributions to the observables,
which we can choose to be

on=|N*|2+|N7*|%,
onAy=2Im(N3N3*) .

(37a)
(37b)

We can express the remaining spin observables in terms of
the UP amplitudes and Ay as follows:

0Py =2Im(U~'U")+oyA4,/3, (38a)
0Py =—2ImU U +oydy , (38b)
oPpy=ImU'U*+U~'U), (38¢)
o3 Uy =Im(U'U-*-U~'U), (38d)
0Py =Im(U~'U*-U'U™)+oyAy/V3, (38e)
o3 Us_ =Im(U-'U~*+U'U). (38f)
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FIG. 25. Magnitudes of the 6-GeV/c A**-production ampli-
tudes, U™, and N, from the amplitude analysis described in
the text. We have affixed the small-¢ phases found in the WM
fits (e.g., 0° or 180°) to illustrate the crossover zeros in U? and
U-'. We show U~3 with 180° phase, because that is the result
of the fits, within errors. Not shown is N~'=N3/V3, or
N~3=V3N-1; the amplitude relationships are such that N3
and N ~? cannot be separated and we have plotted N’=1"oy.

The approximate mirror symmetry of 2P,p;; and Usy,
and also 2P,p;_; and U;_,, is easily explained if U~>=0
in Eqgs. (38c) and (38d) and (38¢) and (38f). In that case,
there would be four independent spin correlations:

oPypy3~onAy , (39a)
oPyp~2Im(U~'U™)+oyAns (39b)
oUs ~—2Im(U~'U3*), (39c)
oU;_~2Im(U'U3*), (39d)

all of which are nonzero in the data (Fig. 24).

We fitted the s-channel polynomial interpolations at 6
and 12 GeV/c, using the constraints on the NP ampli-
tudes given above.?! The magnitudes of the independent
amplitudes are given in Fig. 25 for 6 GeV/c; N* is not
determined directly but is defined by N3=(oy)!/? from
Eq. (37a). For illustrative purposes, we have attached rel-
ative phases of 0° or 180° to the am?litudes in Fig. 25 as
given by the WM at small ¢ for N°, U3, U~!, and U};
this helps to show the crossover behavior at small ¢, where
the amplitudes are essentially relatively real. The ampli-
tude U3 is fairly small, but is ~ 180° out of phase with
respect to U! in the fits, as indicated in Fig. 25(a). The
12-GeV/c amplitudes are similar except for the shrinkage

6 GeV/c
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}
(e) ]
u! =

u—1
(b)/q
u—1
(c) [ (f)

FIG. 26. The orientation in the complex plane of the UP am-
plitudes U! ., U3, and U=} for —¢=0.1 (a) (d), 0.4 (b) (e),
and 0.8 GeV? (c) (; (a), (b), (c) refer to 6 GeV/c, and (d), (e), (f)
to 11.75 GeV/c, and all amplitudes are in the s channel. The
unit circles indicate the expected lengths of the amplitude vec-

tors; we have divided the U i‘+ amplitudes by the values which
would be consistent with the AQM relations for o, o_, and oy,.
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patterns which we have shown above in o, o_, and o,.

The relative orientations in the complex plane of the
important s-channel UP amplitudes, U3, U', and U~!
are shown in Fig. 26 for three ¢ values beyond the cross-
over at —t=m,>. In the fits we allowed the phases of
the four UM amplitudes to float, but fixed the s- and p-
wave amplitudes by the WM parametrization; this pro-
vides a phase reference, although probably only the rela-
tive phases in Fig. 26 are significant, since the s and p
amplitudes are small and model dependent. The lengths
of the amplitude vectors in Fig. 26 are scaled by the AQM
values, that is, the values which are consistent with o _
and o extracted from Eq. (29); the magnitudes of the U
amplitudes are within ~15% of the AQM projections.
The amplitudes display the approximate phase behavior
anticipated above, namely, U> and U ! are approximate-
ly antiparallel, and U! rotates clockwise with respect to
U3, for increasing —t. For —t~0.25 GeV?, U' and U?
cross each other in phase, and this is reflected in the sign
change of U;_, [Fig. 24(c) and Eq. (39d)].

A more elaborate amplitude analysis is not warranted,
in view of the many model-dependent assumptions that
would be needed. However, the results suggest that the
main deviations from the WM can be ascribed to (a) NP
p- and A4,-exchange amplitudes which account for the en-
ergy dependence of o but play a minor role in the polari-
zation, and (b) UP B-exchange contributions which are
expected in the AQM and which give rise to large polari-
zation effects by rotating the phase of U relative to U?

— el

cross section approaches ~50% of the total A-production
rate for large ¢ (—¢>0.5 GeV?). Very similar behavior is
seen in 7 p—p°n and K *n—K*%. The total UP dif-
ferential cross section, o_ +0y, has ¢ dependence (e ~'*)
and shrinkage (a.g~1) as expected for a pion-exchange-
dominated reaction. The behavior of o_, p3;, and ps_;
requires crossover zeros at — t ~m?> in the n =0 double-
flip s-channel amplitudes, as expected in the WM. Again,
there are strong similarities with the UP production am-
plitudes in 7~p—p°n and K *n—K*%p.

The comparison of longitudinal and transverse asym-
metries leads to an important conclusion: namely, that
the NP contributions to the polarizations are small; the
polarizations are dominated by UP terms. This is as ex-
pected in the simple AQM, where there would be only one
independent NP amplitude (N*=v3N~!) and two UP
amplitudes (U' and U3~—v3U~!). Our amplitude
analysis allowed for deviations from this simple picture;
small N=3 and N! amplitudes give rise to oyAy /oy
~ —20% at large — ¢ for the NP cross section. The solu-
tion for the UP amplitudes turns out to be qualitatively
consistent with the expectations of the AQM, based on in-
put from p-w interference measurements.” The large UP
spin correlations are explained by interference of 7 and B
exchange, and in the s channel this results in U! being out
of phase with U® and U™, in the sense predicted by the
AQM.

We conclude that the phases and energy dependences of
the A+ *-production amplitudes can be described qualita-

Do 1«

I v

i

VI. SUMMARY

We have presented DME’s and spin correlations for
pip—pwtn at 3, 4, 6, and 11.75 GeV/c, together with
the formalism necessary to interpret the results. The mass
and t dependence of the unpolarized DME’s can be
described adequately by a seven-parameter pion-exchange
fit based on the Williams model. This parametrization
also describes the off-shell 7 p elastic-scattering contribu-
tions to the spin observables, at least for the s-A interfer-
ence terms, which are the most easily isolated. Using this
parametrization to predict the analogous contributions
from p-A interference, we conclude that the spin correla-
tions due to A production alone (e.g., A-A interference
terms) are substantial; the overall production asymmetry

in quark-model-related vector-meson production reac-
tions. Extrapolated to lower energies, this description
would provide a known “background” with which to
search for dibaryon effects, which are expected to couple
strongly to the AN channel. We defer this discussion to
another paper.’
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where j ={-t,—}+ and [ =0,1 refer to total J and orbital

momentum for the pw*t system; - is the proton
momentum in the pr* RF; and §; are the 7w*p elastic
phase shifts. The relations between s- and ¢-channel am-
plitudes are given by the crossing matrix

X,

PEY ()= die o, m 2 (Xs)eos =+
I+]+M /2,7 XP
+§( 1) d —M'/2, M/z(XA)Sln—z‘ (A2)
at the beam-A** vertex, and by the crossing factors
.
res(= |/ , (A3a)
. 172
o = |— (A3b)

at the recoil vertex. The angles X, and X, in Eq. (A2) are
the crossing angles defined in Sec. III; these angles depend
on M., and as a result the amplitudes ¥™ and »* in
Eq. (A1) have some explicit mass dependence.

In the Chew-Low model,'® with no absorptive effects,
we would have

uy (¢ channel)=G—:~t—2~eB“—"“i“) , (Ada)
—t+p
where
G V2
G= —2;;’”2 Bltmin =) (A4b)
N

with all other r-channel amplitudes vanishing; here
u*=m,% Bis an empirical collimation factor, and

[(G an)2/27M 2] 2~3.6 mb'/?2 .

The s-channel Born-term amplitudes would then take the
form

(ASa)
(A5b)

u¥, (s channel)=r _ , ()PM'(t)u} , (¢ channel),
u™, (s channel)=r_, ()P (1)u’ , (¢ channel) ,

with n¥, =0 and n™,_ =0. The WM amounts to a re-
cipe for adding absorptive cut contributions to the Born
terms. The cuts are most significant in the n =0 double-
flip amplitudes, which vanish at ¢ =t;, in the Born ap-
proximation, but in the WM take on the values

u3_+(t'=0)=—n3_+(t'=0)=—iﬁi‘GS=c3
P-''Gs=C"!

(A6a)
Le=0)=nzl'=00=—1 (A6b)

where

- PYM (1)
MM .

Py (}L"}))(_t)w M| /4 (A7)
and S is a scale factor (S =1 in the WM). As in Ref. 7,
we have assigned an empirical ¢ dependence to the ¢-
channel n =0 cut contributions away from ¢ =t;,. This
amounts to writing the s-channel WM cut contributions
as

u™ _ (s-channel cut)

’ 2
=[PM3()C3+PY 1 ()c 1" P17 (A8a)
n¥ _ (s-channel cut)
. ’2
=[—PM3()C3+PY - () 1)+ P! (A8b)

The cut contributions of Eq. (A8) are added to the Chew-
Low s-channel amplitudes of Eq. (A5). This leaves seven
parameters to be determined: G, S, B, B_, B, D_, and
D,.
The s-channel double-flip amplitudes in this parame-
trization have the crossover-zero structure which is ex-
pected for the WM. Adding Eqgs. (A8) and (AS), and tak-
ing S=1, B, =B, and D, =0, we have

. | By
43, (s channel)~ — | —-T£— ——Ge?, (A9a)
+ —t+[£2 2
-1 t+&2 Pl B
u_. (s channel)~ — Ge?' | (A9b)
+ —t4p? | 2
=31
n? (s channel)~ —2:-Ge3‘ (A9c)
= 11
nZ} (s channel) ~ — ——Ge%, (A94)

2

for small ¢ in the high-energy limit, where t;,=0. The
n™ amplitudes are smooth in ¢, whereas the u>~' ampli-
tudes have zeros at ¢t = —pu? in the s channel. Numerical-
ly, for the A waves, P'x~+3.5 GeV"”2 and
P:“~-—2 7 GeV~'2 so that u> ., uZl, nd_, and
_+ have 180°, 0°, 0°, and 0° phases at t'=0, respectlvely
The fitted values of the seven parameters are listed in
Table I together with the calculated values of P¥!. The
scale parameters S are close to unity, consistent with the
WM. The couplmg strengths G should approach the

value 3.6¢” "min ¥ Y [cf. Eq. (A4b)], and this is a fair ap-
proximation for higher py,;,. The slopes B increase with
Diab as expected for Regge shrinkage. The slopes B, are
significantly larger than B; presumably B, and D. help
to mock up the effects of non-pion-exchange contribu-
tions.

*Present address: Physics Department, University of Arizona,
Tucson, AZ 85721.
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