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Analysis of the Singlet and Triplet Contributions to the Total-Cross-Section Differences hoT
and Do& in p-p Scattering between 1 and 3 Gev/c

C. L. Hollas
The University of Texas, Austin, Texas 78712

(Received 13 November 1979)

The data from measurements of the total-cross-section differences 4o~ and Do& for
p-p scattering and the spin-averaged total cross sections are analyzed to determine the
singlet (Os ) and (v, ) cross sections. The structures observed in 40~ and 40& near 1.3
GeV/c are found to result primarily from increases in o~ and O', . These increases are
shown to be consistent with the Mandelstam model of pion production. No resonantlike
behavior is required to describe the structures in Aa @ and 40~.

PA CS numbers: 13.75.C s

Measurements of total-cross-section differences
for proton-proton scattering in pure spin states,
both transverse, b, or =(o&& —o&&),' and longitudi-
nal, ho~ =(o = —o =),' have exhibited momentum-
dependent structure for proton laboratory momen-
ta between 1 and 2 Gev/c. These data are illus-
trated in Fig. 1(a) with upright and inverted trian-
gles. The structures, especially that in 4o~,
have been the source of much discussion and have
been interpreted" as indicating a 'E, dibaryon
resonance near 1.5 Gev/c.

These cross-section differences, and the spin-

averaged total cross section, 0„, , can be ex-
pressed in terms of the imaginary part of the
three helicity amplitudes evaluated at t = 0 (Ref.
5):

o,.t' = (~/q') Im [9,(o) +q .(o)],

nor = (- 2w/q') 1m [cd,(0)],
Eo = (2m/q ) Im[q, (0) -p ~(0)].

(2)

Here q is the center-of-mass proton momentum;
p 2, and p, are three of the five independent

helicity amplitudes with the partial-wave expan-
sions

y, (0)= Q ((2J+1)R~+JR~, ~ +( J+1)R~„,q —2[J(J+I)]'~'R~J,
J even

Ps(0)= Q f-(2 J+1)R~ +JR', ~+(J+1)R~+, ~ —2[J(J+I)]'»R~)
J even

Ps(0)= Q {(J+1)R~,~+JR~+, ,g+2[J(J+1)]' R )+Q(2J+l)Rgg.J even J Odd

(4)

(5)

(7)

(8)

(S)

Lor =2(o,r —o,.r),

4o~ =2(o +2o,. -o, ),
where o,~ is the singlet contribution

oq = Q ops
J even

a, ~ is the triplet contribution

ot Z (oJ-x,z+oJ+x,J)+ E ofayJ even J Odd

and o, is the contribution of the spin-triplet
terms of even J and their interference I,

(10)

z, ( J' J+ 1Z
~ 2J Ioz-iyz+2J Io~+i,z -1~ ~ (12)J event +

With appropriate groupings, the three observa-
bles can be expressed in terms of three partial
cross sections o,~, o,~, and o,.~:

= 0' +0'tot s t

The partial cross sections are defined in terms
of the amplitudes by

o,. = (v/2q')(2j+ l)2 lm(Ri),

o... , = (~/2q')(2j+ 1)2 Im(R. .. ,),
I= (~/2q')'[j (j +i )]'~'2 1m(Rt).

(»)
(14)

With the data of Refs. 1 and 2 and 0 „,~ from
Refs. 7 and 8, the points in Fig. 1(b) have been ex-
tracted for momenta at (or near) which data for
the three cross sections exist. The points below
O. S Gev/c have been calculated from the phase
shifts of an analysis by Bugg et al. ' of a database
which contains extensive spin-dependent observa-
bles. Additional points at 1.0, 1.1, and 1.3 GeV/
c, plotted as open circles, were obtained by esti-
mating values which yield a smooth momentum
dependence for 0,~, o,~, and 0,.~, and reproduce
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FIG. 1. The momentum dependence of (a) the cross-
section differences Aoz and 4oz, (the data are from
Refs. 1 and 2; the curves are described in the text);
(b) the singlet (o~ ), triplet (o.

& ), and triplet-interfer-
ence (o ) cross sections, as described in the text;
(c) the spin-averaged total cross sections, o«, (tri-
angles), o, , (dotted line), and (T, , (dashed line).

the values of o«,~ and 4oi.
The three partial cross sections each exhibit

an increase above 0.9 GeV/c, with the largest in-
crease occuring in the triplet contribution o,~.
These increases are caused by the sharp rise in
the spin-averaged (o'„,r) cross section near 1.2
GeV/c [Fig. 1(c)j which is primarily due to the in-
creases in the cross sections for the three pion-
production reactions pp -ppm'; pnm'; and dm'. It
is suggestive that the structures observed in 4o~
and b.oi between 1 and 2 GeV/c are caused by the
momentum dependence of pion production from
the initial singlet and triplet partial waves. It is
interesting to note, however, that o,~ rises fast-

FIG. 2. The momentum dependence of (a) the inelas-
tic cross sections o~ (dashed line) and o& (dotted line),
where symbols are results from Ref. 11; (b) the elas-
tic cross sections o., (dashed line) and o& (dotted line).

er than o,~, which is counter to the intuition that
the angular momentum barrier for the p-wave nu-
cleon A would tend to inhibit the rapid turnon of
inelasticity in the 'I' and 'E partial waves, com-
pared to the absence of such a barrier in the 'D,
partial wave.

To test the hypothesis that the pion-production
channels are responsible for these observed in-
creases, it is necessary to separate the cross
sections of Fig. 1(b), o„r (x =s, t,i) into elastic
(o„s) and inelastic or reaction (o„")cross sec-
tions. A separation for o,~ and o,~ is obtained
from the inelastic spin-averaged total cross sec-
tions o„,~ and an assumed momentum dependence

o„, =o„, +o„,". The spin-averaged total inelas-
tic cross sections are well determined from
threshold to near 1.3 GeV/c and are taken from
Ref. 7. Above this momentum, values for o„,
have been taken from Ref. 10.

The momentum dependence illustrated by the
dashed curve in Fig. 2(a) for the singlet reaction
of the analysis of single-pion production by Man-
delstam" from threshold to 1.2 GeV/c. Above
1.2 GeV/c the momentum dependence was taken
to be that of o,~. With this curve, and the curves
for o, , o, , and o, , and o „, illustrated in Figs.
1(b) and 1(c), all the remaining curves of Figs. 1
and 2 are determined via the above relationships.
The curves in Fig. 1(b) represent smooth interpo-
lations bebveen the points. Note that the sharp
rise in the resulting inelastic triplet cross sec-
tions (o,~) in Fig. 2(a) coincides with that of the
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total triplet cross sections (o, ) in Fig. 1(b). The
elastic singlet (o, ) and triplet (v, ) cross sec-
tions illustrated in Fig. 2(b) show no dramatic mo-
mentum dependence. Small increases do occur in
the regions where the inelastic cross sections
are increasing rapidly reflecting the unitarity
coupling of the elastic and inelastic channels as
indicated in the calculations of Kloet and Silbar. "

In Fig. 2(a) the upright and inverted triangles
refer to the results of Mandelstam for pion pro-
duction from initial singlet and triplet partial
waves, respectively, and are taken from graphs
contained in Ref. 11. The agreement with the mo-
mentum dependence of the inelastic cross sec-
tions which provide the increases in o.,~ and 0,~

in the region from threshold to near 1.4 GeV/c is
impressive. Above 1.4 GeV/c the assumptions in
Mandelstram's analysis are no longer expected
to be valid, "and double-pion production must al-
so be considered.

The important consideration is that the Mandel-
stam model predicts that the singlet partial waves
produce pions at a lower momenta than do the
triplet partial waves. Recall in this model that
pion production occurs through an intermediate
nucleon-delta (N-b, ) system in either an "s or p
state", where' is the T =2, J"=2', 1232-MeV
pion-nucleon resonance. The "s state" which
has J"=2' is formed only by the l =2 initial sin-
glet partial wave; the "P state" with J ' =0, 1
2, or 3 is formed by / =1 or 3 initial triplet
partial waves.

A crucial test of the momentum dependence of
the inelastic cross sections of Fig. 2(a) would lie
in a complete energy-dependent phase-shift analy-
sis which includes the &a~ and 4o~ data and con-
strains the elasticities to reproduce the cross
sections proposed here. Arik and Williams"
have performed an analysis at 1.26 and 1.66 GeV/
c were constrained to those of Amaldi et al."; at
1.66 GeV/c the elasticities in the low partial
waves were allowed to vary. The resulting inelas-
tic singlet and triplet cross sections at 1.66 GeV/
c were 6.57 and 16.3 mb, respectively. Bugg"
has performed additional phase-shift analyses on
the data at 0.99 and 1.10 GeV/c of Ref. 9. With
~o~ inchded in the data base, the resulting in-
elastic singlet and triplet cross sections are 1.52
and 0.06 mb at 0.99 GeV/c, and 4.07 and 1.40 mb
at 1.1 GeV/c. These values are in excellent
agreement with those of Fig. 2(a).

In summary, the structures observed in 4@~
and b.o'~ between 1 and 2 GeV/c are due to in-
creases in singlet, triplet, and triplet-interfer-

ence cross sections occurring at differing mo-
menta. Theoretical calculations should attempt
to reproduce these cross sections as illustrated
in Fig. 1(b) rather than the cross-section differ-
ences which are very sensitive to small changes
in the momentum dependence of the sharp in-
creases in the cross sections.

A separation into elastic and inelastic contribu-
tions to the singlet and triplet cross sections has
been proposed which easily accomodates the data
and is in close agreement with the analysis of
Mandelstam" for single-pion production, and in
agreement with phase-shift analyses' '" at 0.99,
1.10, and 1.66 GeV/c. With the proposed inter-
pretation of the data, no resonant behavior is re-
quired to describe the structures observed in La~
and b o~ between 1 and 2 GeV/c. These structures
result primarily from pion production through
the N-4 system in a relative angular momentum
state of L =0 being initiated at lower momenta
than when the N-~ is in a relative angular momen-
tum state of L =1.
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Cross sections and analyzing powers have been measured for 800-MeV proton inelastic
transitions to unnatural-parity states in C. Data for the 15.11-MeV 1+, T =1 state are
well explained by a distorted-wave impulse-approximation calculation based on proton-
neutron charge-exchange cross sections. Negative analyzing powers were observed for
the first time at 800 MeV, for the 12.71-MeV 1+, T =0 state. Values of A~ appear to be
characteristic of the isospin transfer, and support isospin assignments for states at 18.3
and 19.4 MeV.

PACS numbers: 25.40.Ep, 24.70.+ s, 25.40.Rb, 27.20.+ n

Recent nucleon-nucleon experiments suggest
that spin-dependent terms in the proton-proton
scattering amplitude are significant around 800
MeV, ' yet previous evidence for excitation of un-
natural-parity states in inelastic proton scatter--
ing in this energy region is scant. ' ' These lev-
els with parity (-1)~"' require a spin transfer,
b,S, of 1; first-order excitation of such states
thus depends entirely on the spin-dependent
terms. Here we report differential cross sec-
tions to low-spin unnatural-parity states in "C
which are comparable in magnitude to those ob-
served at much lower energies. In addition, large
negative values of the analyzing power, A, , have
been seen for the first time at 800 MeV; the mag-
nitude of A, appears characteristic of the isospin
transf er.

Angular distributions of dv/dQ and A, were
measured with the 800-MeV polarized beam at
the Clinton P. Anderson Meson Physics Facility
with use of the High Resolution Spectrometer.
Scattered particles were detected in an array of
drift chambers and scintillation detectors that
have been described previously. ' Energy resolu-
tion was generally about 120 keV. Data in sever-
al angle bins were summed to give an angular
resolution of 0.34' for most of the data shown.
Absolute cross sections accurate to + 15' were
determined by comparison with previous elastic
scattering data for "C.' The transverse polariza-

tion of the beam was monitored continuously with
a hydrogen polarimeter; it averaged about 0.75.

A spectrum taken at 2.3' with a spin-down inci-
dent beam is shown in Fig. 1. With the exception
of the highly collective 4.44-MeV 2' state, the
unnatural-parity transitions to the states at 12.71
MeV (1',T =0) and 15.11 MeV (1',T =1) dominate
the spectrum The t.wo strong states at 18.3 and
19.4 MeV are also apparently unnatural-parity
transitions. A state at 19.4 MeV has been identi-
fied in electron scattering as a 2, T =1 state. '
States at these energies observed in pion scatter-
ing have been tentatively assigned 2, T =0 and

2, T =1, respectively, but with considerable
isospin mixing. ' Many other states have also
been observed in this energy region. ' At larger
angles, the "C spectrum is dominated by natural-
parity states.

The angular distributions for the two 1' states
are noticeably different from each other, as
shown in Fig. 2. Both, however, ar similar to
the corresponding data at 122 MeV. ' The abso-
lute cross sections for the two states are each
within a factor of 2 of the 122-MeV values; the
800-MeV values are mostly larger. For the T =1
state, A, is close to zero (as it is also for the
b T =1, hS =1 transition in 'Li measured in the
same experiment). The T =0 state, however, has
a significantly negative A, at small momentum
transfer, in contrast to the uniformly positive
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