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High-precision measurements of the analyzing po~er AN in m p elastic scattering at p„-471-687 MeV/c
are presented and compared with the results of recent nN partial-wave analyses (PWA's) by the

Karlsruhe-Helsinki, CMU-LBL, and VPI groups. While agreeing with the main features of the measured

angular dependence of A~, the three PWA's yield larger values than the measurements at forward angles at

p„-471, S47, and 625 MeV/c. At 687 MeV/c the P%'A's do not agree with the data at far backward an-

gles. %'e estimate the effect of our data on the phase shifts in this energy region, which includes the Roper
resonance.

Since its discovery in an early partial-wave analysis, the
N(1440) P» AN resonance, the "Roper resonance, " has
been an enigma. The four-star rating by the Particle Data
Group2 notwithstanding, there is uncertainty over the prop-
erties of the Roper resonance, and the controversy regard-
ing its nature and quark-model classification continues. The
partial-wave analyses (PWA's) do not concur on mass M,
width I', or inelasticity q The Karl.sruhe-Helsinki (KH)
collaboration reports M = 1410 + 12 MeV, I"= 135 + 10
Me V, and q = 0.49 J0.05, awhile the Carnegie Mellon
University-Lawrence Berkeley Laboratory4 (CMU-LBL)
collaboration quotes M = 1440 + 30 MeV, I = 340 + 70
MeV, and q=0.32+0.04. The controversy over the width
is exacerbated by the possibility that there could be two
closely spaced Pil resonances. Ayed' first proposed a split
of the Roper resonance based on the Saclay P%A; he found
masses of 1413 and 1532 MeV. Although this proposed
split is not confirmed by the KH or CMU-LBL analyses, a
new P%A by the Virginia Polytechnic Institute and State
University (VPI) group, 6 which parametrizes the resonances
in terms of poles in the complex energy plane rather than
using the more familiar Breit-signer parametrization,
shows two P~~ poles at P~ = (1359—100i) MeV and
P2 = (1410—80i) MeV.

There are many quark models that predict the spectra of
baryons, notably bag models, potential models, and flux-
tube models. ' " More recently, explicit calculations of
phase shifts have been made in the context of the Skyrme
soliton model. ' '4 Finally, it has been pointed out that
some resonances seen in m N scattering, including the Roper
resonance, may be attributed to the opening of the thresh-
old for the production of the 5(1232)." The ultimate test

of these models is a comparison with the experimentally
determined spectra of baryon resonances. The existence
and properties of the resonances are deduced from partial-
wave analyses of mN elastic-scattering data.

%e mention briefly here the predictions of a variety of
theoretical models for P~~ resonances in the energy region
of the Roper resonance, in order to illustrate the diversity
of theoretical treatments of the baryons.

(a) Quark models. On the basis of the cloudy bag model,
Umland et al. ' predict a P~i doublet with masses of 141S
and 1533 MeV. Bo~ler and Hey stress the importance of
direct gluon-exchange contributions in the framework of the
MIT bag model. They predict radially excited N' states at
1543 and 1646 MeV. Degrand and Rebbi add a surface os-
cillation term to the bag model and obtain P~~ states at 1410
and 1603 MeV. Close and Horgan'0 extend the Bowler-Hey
model by including another exchange amplitude and the
breathing mode excitations of DeGrand and Rebbi and ob-
tain Pi~ masses of 1416 and 1617 MeV. Recently, a hybrid
type of hadronic matter containing both constituent quarks
and gluons has been proposed. "" The lowest-mass
hybrid-baryon candidate is a Pil state with a mass near 1400
MeV. It is interesting to speculate that the reported split-
ting5 6 of the Roper resonance might be related to the ex-
istence of this hybrid Pli in addition to the ordinary three-
quark Pll resonance.

(b) Skyrrne soliton models Recently, Haya. shi et al. " have
made explicit calculations of phase shifts in the context of
the Skyrme soliton model. Using the experimental value of
q in the Pli channel they find that the resonance should oc-
cur 50-100 MeV below the Roper resonance. Breit and
Nappi'~ have studied the simplest vibrational excitation of
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the Skyrmion, the breathing mode. They identify the Roper
resonance with a nucleon breathing mode at 1270 MeV.

(c) n 5-coupling mode/ I.n a completely different spirit,
Blankleider and Walker'5 have investigated the possibility
that some low-lying resonances seen in m N elastic scattering
may be due to the opening of the threshold for m -d produc-
tion; they have obtained excellent fits to the P~i and other
resonance phase shifts and inelasticities without the need
for introducing the Roper and other well-established reso-
nances explicitly.

It is clear that the values obtained for the parameters of
the Roper resonance by various analyses are in conflict. A
precise and unambiguous determination of the scattering
amplitudes in this energy region may help test the results of
a number of theoretical models. As our information on the
resonance parameters comes exclusively from partial-wave
analyses, it is important to test the validity of the recent
P%A's by a comparison with data on the analyzing po~er in
m -p elastic scattering.

In this paper we report on the measurements of the
analyzing power A~ in m p elastic scattering. The experi-
ment was carried out in the pion-particle-physics (P ) chan-
nel at the Clinton P. Anderson Meson Physics Facility
(LAMPF). Data were obtained at 471, 547, 625, and 687
MeV/c. The incident-beam intensity varied from 0.2 to
4& 106 n /sec. The transverse spot size of the beam at the
target was 2X 2 cm. The central beam momentum is known
to %0.39o.' " The central beam momentum in MeV/c
and, in parentheses, the channel momentum bite in percent
in each case are 470.8 (2.0), 546.9 (1.3), 624.9 (1.6), and
687.0 (5.3). A relative measurement of the beam intensity
was made using scintillator telescopes which detected muons
from the decay of pions in the beam.

The experimental setup included a transversely polarized
proton target. The polarized target magnet produced a uni-
form field of 2.5 T over the target volume. The target ma-
terial consisted of 1,2-propanediol beads in a cylindrical cell
2 cm in diameter and 4 cm long, with the pion beam in-
cident along the axis of the cylinder. High polarization was
obtained using a microwave pumping technique, The target
was maintained at an average polarization of 80%
throughout the experiment. Standard NMR techniques
were used to monitor and measure the target polarization.
The absolute calibration of the NMR system was accom-
plished by periodic measurements of the thermal-equi-
librium polarization signal at 1 K. The uncertainty in these
measurements of the thermal-equilibrium NMR signal gives
rise to a 3% systematic uncertainty in the polarization.

Details of the experimental setup are given in Refs. 18
and 19. Briefly, the scattered pion and the recoil proton
were detected in coincidence (except at p„-547 MeVic,
8, =120' where only the pion was detected) using the
LAMPF large-acceptance spectrometer20 (LAS) and a recoil
detector. The recoil detector consisted of a 100 by 65 cm
wire chamber sandwiched between two arrays of eight scin-
tillation counters each. Time of flight (TOF), pulse height,
and wire-chamber-position information were recorded for
each particle detected in the recoil array. These data, to-
gether with the momentum and scattering angle of the parti-
cle detected in the LAS, provided an overconstrained signal
for coincidence events. As a result, the background-to-
signal ratio is very small despite the low ratio (0.07) of free
to bound protons in the target material.

The field of the polarized-target magnet caused consider-

able curvature of the trajectories of the incident and final-
state charged particles, leading to offsets in the measured
scattering angles and interaction vertex. Further, this effect
reduced the acceptance of LAS. A steering magnet was
placed at the entrance of the spectrometer to increase the
acceptance; this increase was particularly important for low-
mornentum scattered pions. Because reversal of the polari-
zation was accomplished by a small, appropriate change in
the microwave frequency, no change in the magnitude or
sense of the magnetic field was required, ensuring that
"spin-up" and "spin-down" data were taken under identical
kinematical conditions.

The background was mainly produced by quasielastic
scattering from carbon nuclei contained in the propanediol,
'He and 4He coolant, and the walls of the target cell and the
cryostat. The background was measured in separate runs
with the propanediol replaced by carbon beads with approxi-
mately the same number of carbon nuclei as contained in
the propanediol target. The background-to-signal ratio for
coincidence measurements was typically 10%, while the
measurement in which only pion was detected had a one-
to-one background-to-signal ratio.

For each accepted event we recorded the pulse height in
all struck scintillators, the TOF through LAS, the recoil
TOF, and the position data from all wire chambers. In the
off-line analysis, the LAS wire-chamber data were used to
calculate (i) the particle momentum, (ii) the apparent in-
teraction point in the target, and (iii) the angle between the
trajectory of the particle in LAS following the bend and the
central ray in both horizontal and vertical planes. Parameter
(ii) was used to reject events not originating in the target
cell volume and parameter (iii) was used to reject events in
which the scattered pion decayed to a muon and a neutrino.
Each data run was replayed in several passes in which cuts
were applied to an increasing number of parameters in the
following order: LAS TOF, LAS scintillator pulse height,
recoil TOF and scintillator pulse height, target projection,
and muon rejections and the recoil wire-chamber data. In
the single-arm measurement (i.e., when just the pion
was detected) only the LAS-TOF, pulse-height, target-
projection, and muon-rejection cuts were used. At each
scattering angle, identical cuts were used for runs with tar-
get polarization up and down, and for background runs.
Following each pass the analyzing power was calculated
from

where pr is the target polarization, t = number of spin-up
events, j = number of spin-down events, and 8 = number
of background events normalized to the pion-decay tele-
scope monitors. The value obtained for A~ in each pass
was compared with its value from the previous pass for con-
sistency.

The momentum spectrum of the scattered pions of all
events that have passed all our cuts contain a prominent
peak on top of a small, nearly flat background spectrum.
When the normalized spin-up yield, t, is subtracted from
the J yield the remaining events outside the peak region
are consistent with zero. This demonstrates that the nor-
malization of the data runs was done properly. Taking the
combination t + J

—28, again only events in the peak re-
gion remain, sho~ing that the background normalization is
correct. The results of these tests are also consistent with
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the background being independent of target polarization.
Our results for the analyzing power are presented in Figs.

1(a)-1(d). Also shown are the predictions of the partial-
wave analyses by the KH (Ref. 3), CMU-LBL (Ref. 4), and
VPI (Ref. 6) groups; none of these analyses include the
present data. Only statistical errors are sho~n. The sys-
tematic error is +3'/o due to the uncertainty in the absolute
calibration of the target polarization.

The present data are compared with the predictions of the
three recent phase-shift analyses in Figs. 1(a)-1(d). The
P%A results approach —1.0 at forward angles, but our data
have somewhat smaller magnitudes. The agreement with
our data at 4'7l MeV/c is good beyond 60', with the excep-
tion of the most backboard angle point, ~here the disagree-
ment is 5 standard deviations (SD). At 547 MeVlc the
agreement is good at large angles but differences of as much
as 6 SD are seen at forward angles. At 625 MeVlc the
disagreement at large angles is of the order of 5 SD and at
forward angles up to 9 SD. Finally, at 687 MeV/c the
agreement is good at forward angles, with differences of 4
SD at backward angles. The large positive peak seen at
backward angles shifts forward and is compressed in width
as the incident momentum increases. The most dramatic
change occurs between 625 and 68'7 MeV/c, leading to a
second minimum at backboard angles at 687 MeV/c.

Comparison of our data at 687 MeV/c with the data of
Bekrenev et al. 2' at 685.5 MeV/c shows good agreement at
forward angles, but their results are slightly lower than our
measurements at backward angles [see Fig. 1(e)]. Given
the trend of the angular distributions with momentum, the
differences could be accounted for by slightly shifting up-
ward the central momentum of the measurement of
Bekrenev et al. by a few MeV/c. Our 625-MeV/c data are
compared with the work of Bareyre et al. 2 at 616 MeV/c in
Fig. 1(f). They have measured the recoil-proton polariza-
tion (P), which is equivalent to our asymmetry data by the

P=A theorem. The agreement is reasonable, keeping in
mind the great momentum dependence of A~ and the un-
certainties in Bareyre's results associated with the use of
limited analyzing power data for carbon used in that experi-
ment.

Other measurements of A~ at energies in the region of
our data have been reported in the literature by Cox et al. , 2'

Bizard etal. , Chamberlain etaI. ,
2 and Arens etai. ;

6 a
measurement of the polarization parameter in this region
has been made by Eandi et aI. 27 The results of these exper-
iments contain systematic errors of +10'/0 and therefore
have minimal influence on the P%A's compared to this ex-
periment. These data agree in shape with our data.

%'hereas in n+p m+p only I=T amplitudes are in-

volved, in m p ~ p both l=~ and I=~ amplitudes

contribute. In our earlier work" on AN(m+p m+p) we

investigated the I= ~ amplitudes. Using the VPI scattering
analysis interactive dial-in (SAID) program we added our
A~(n+p m+p) data to the VPI data base to obtain a new,
single-energy P%A. Our data did not change any phase sig-
nificantly. Though the scope of such a single-energy
analysis is clearly limited, the results indicate that the I= ~
amplitudes are well determined. Thus, the addition of our
A~(m p n p) data to the VPI data base for single-

energy solutions could be expected to affect only the I= ~
partial waves; this is, indeed, observed. At 471 and 547
MeV/c the changes are insignificant. At 625 MeV/c the P~~

phase decreases from 56' to 54' and D~3 decreases from 36'
to 32'. The effects are even larger at 687 MeV/c, where

P~~ increases from 86' to 98' (a change of 12'), and at the
same time S~~ decreases from 26' to 23', D~3 from 58' to
55', and D~5 from 13' to 9'. Thus we conclude that the
current P%A's do not describe correctly the Roper reso-
nance. A new, full analysis requires data on 7r p elastic
and charge-exchange scattering.

~0 I ~ I I I I ~ l f I 0 ~ r ~1.

0$

~ 0.0

—0$

09

"l

MeV/c
I w \ 1 ~

:687 MeV/c
"

(e)..

i geRmsasyy gp
P II ~ ~

:625 MeV/c
Ika~aw K OL ~ ) ~

- yaameasgy QP ~ Z Z „.f II

-0$

()
1{} i ~ i a~i a I ~ I ~ I ~ s l a ~ a I

1.0 05 0.0 -0$ 09 0.0 —05
cos 8,

1.0

I
;;i

y ei
I ~ s% i i a i I I ~ I

09 0.0 —0$ -1.0
cos 8.

FKJ. 1. (a)-(d} Analyzing poorer A& measured in m p elastic scattering using a transversely polarized target at incident pion momenta of
471, 547, 625, and 687 MeV/c. The curves are the predictions of three partial-wave analyses by KH (Ref. 3} (solid curves}, CMU-LBL (Ref.
4) (short-dash-long-dash curves), and VPI (Ref. 6) (dashed curves}. (e) Comparison of present data at 687 MeV! e with those of Bekrenev
et aL (Ref. 21} at 685.5 MeV/c (560 MeV}. (f) Comparison of present data at 625 MeV/c ~ith those of Bareyre et ai. (Ref. 22) at 616
MeV/c (492 MeV).
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