
PHYSICAL REVIEW C OCTOBER 1996VOLUME 54, NUMBER 4
Measurement of thep1p¢ analyzing power at 68.3 MeV
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The analyzing powerAy for p1pW scattering at 68.3 MeV has been measured at the Paul Scherrer Institut
with the magnetic spectrometer LEPS. The measurements cover the angular range 40°<u lab<70°. The protons
have been polarized in a butanol target, operated in frozen spin mode. TheS31 phase shift comes out by about
1° smaller than the Koch-Pietarinen@Nucl. Phys. A336, 331 ~1980!# phase shift analysis, supporting the
necessity of an alternative dispersion analysis ofpN scattering to determine thes term and thepN coupling
constant.@S0556-2813~96!01409-4#

PACS number~s!: 13.75.Gx, 24.70.1s, 25.80.Dj
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I. INTRODUCTION

Two parameters to be obtained from investigations
pion nucleon interactions are of fundamental interest: t
pion nucleon coupling constantsfpNN

2 and the pion nucleon
s term. Koch and Pietarinen@1# and Höhler @2# obtained
the long-time standing ‘‘canonical’’ values offpNN

2

50.07960.001 and ofS56468 MeV for the isospin even
pN on shell amplitude at the unphysical Cheng-Dash
point n50, t52m2. From the latter thes term can be de-
termined as will be outlined below.

In recent years the Koch-Pietarinen-Ho¨hler ~KPH! value
of the pN coupling constant has been doubted and ag
discussed by various authors resulting in values betwe
0.074 and 0.081@3–6#. There is common understanding now
that the error bars of the values given in the literature a
generally too low, in particular if seen in the light of th
propagation of relatively high systematic errors of the e
perimental data used. A value of 0.07660.003 is well within
the error band of practically all analyses.

Thes term of pion nucleon scattering is related to the u
and down quark content of the nucleon and measures
explicit chiral symmetry breaking of quantum chromody
namics:

spN~ t50!5 1
2^pum̂~ ūu1d̄d!up&

with m̂5 1
2 ~mu1md!. ~1!

It may also provide hints as to the size of the nucleon mat
element^pus̄sup& of the scalar operators̄s, that is, on the
content of the strange sea quark pairs in the nucleon. In
way it touches fundamental questions of nucleon structu
Independent information on the strange sea quark conten
the nucleon comes from measurements of deep inelastic s
tering of polarized electrons and muons on polarized proto
deuterons, and3He, which indicate a large nucleon matri
element of the axial vector operator^pus̄gmg5sup& resulting
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in a contribution of the strange sea quark pairs to the nucle
spin ^pus̄gmg5sup&52smDs with Ds520.1060.03 @7#.

A low-energy theorem of current algebra relates the iso
spin evenpN on-shell amplitudeS5 f p

2 D̄1(0,2m2) at the
unphysical Cheng-Dashen pointn50, t52m2 to the s

term ~the overbar onD̄1 means that the pseudovector
nucleon Born termg2/m has been subtracted!. The theorem
states that in the chiral limit of vanishing quark or pion
masses (mp5mu5md50), S5s. To test this low-energy
theorem input from two sides is needed: the baryon mass
can be used to determines andpN scattering data can be
used to evaluateS. The relation between the amplitudeS
and the s term for finite pion masses is given by
S5 f p

2 D̄1(0,2m2)5s(0)1Ds1DR . Gasseret al. @8# calcu-
lated s(0) and DR5O(m4lnm2) within the framework of
chiral perturbation theory at the one-loop level using baryo
masses as the experimental input and obtaineds(0,0)535
MeV andDR50.35 MeV. ForDs they obtain about 15 MeV,
worked out by means of dispersion relations@9#.

The amplitudeS(0,2m2) at the unphysical Cheng-Dashen
point has been evaluated by Koch, Pietarinen, and Ho¨hler
@1,2,10#. Koch and Pietarinen@1# carried out a phase-shift
analysis, which extends to low energies and respects ana
icity and unitarity, and consequently allows a unique ex
trapolation both to thepN threshold~to determine the scat-
tering lengths! and to the Cheng-Dashen point~to determine
the amplitudeS). The authors carefully treated the electro
magnetic effects according to the method of Tromborget al.
@11,12#.

At energies below 100 MeV the Koch-Pietarinen~KP!
analysis is based on only a fewp1p data points@13#
and practically not onp2p data. The authors had to rely on
the more abundant data at higher energies up to about 3
MeV @14#. Koch @10# obtainedS(0,2m2)56468 MeV with
the KP phase shifts employing dispersion relations along h
perbolic paths in then-t plane as mentioned above. In a
more recent dispersion analysis in the spirit of Koch an
Pietarinen, Gasseret al. @9# found a compatible value of
1930 © 1996 The American Physical Society
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54 1931MEASUREMENT OF THEp1pW ANALYZING POWER AT 68.3 MeV
S(0,2m2)56062 MeV. Using the value ofDs'15 MeV
the results obtained from the analysis ofpN data are now
S(2m2)'s(2m2)'60 MeV and consequentlys(0)'45
MeV. The obvious inequality ofs(0)'45 MeV obtained
from the analysis ofpN scattering ands(0)'35 MeV from
baryon masses might imply a considerable strange sea qu
content of the proton:

spN5
3565

12y
MeV545 MeV with y5

2^pus̄sup&

^puūu1d̄dup&
.

~2!

A value y'0.260.2 would mean that there exists a contr
bution of the matrix elementms^pus̄sup& to the proton mass
of the order of (ms /2m̂)310 MeV'130 MeV @9#.

II. EXPERIMENT AND ANALYSIS

Low-energypN data have an important impact on th
numbers of thepN coupling constant and thepN s term
@15,16#. Therefore, wide efforts have been made in rece
years to improve the quality and expand the quantity of e
perimental data below 300 MeV. Nevertheless, some con
dictions between data sets of various authors could not
resolved@6,17#.

Measurements of the analyzing power ofpN scattering
seem to be very promising to clarify the intricate experime
tal situation. The analyzing powerAy for the scattering of
pions from protons totally polarized perpendicular to th
scattering plane is given by

Ay5S ds

dV
↑2

ds

dV
↓ D Y S ds

dV
↑1

ds

dV
↓ D

52 Im~GH* !/~ uGu21uHu2!. ~3!

The arrows indicate the direction of the target polarizatio
with respect to n̂ being the normal vectorn̂5(kW3kW8)/
ukW3kW8u ~with kW and kW8 the momenta of the incident and
outgoing pions!.

The analyzing power determines a combination of t
spin-flip and spin-no-flip amplitudesG andH that is differ-
ent from that appearing in the differential cross section and
sensitive to the smaller phases of which theS waves are of
most prominent interest. Another advantage is that only
tios of numbers~cross sections! have to be measured and
absolute normalization factors cancel, which allows the d
termination of phases with systematic errors different fro
those obtained by means of differential cross sections.

Angular distributions of the analyzing power forp6pW
elastic scattering at low energies have been measured wi
polarized target by Sevioret al. @18# for energies spanning
the region of theD resonance~98–263 MeV!. The data are in
good agreement with the KP phase shifts, except for a f
p2pW data points at 98 MeV. No measurements of the an
lyzing power exist below that energy. We started those m
surements at a pion energy of about 70 MeV because th
exist differential cross section data to be compared with a
because measurements are getting more and more diffi
with decreasing pion energies due to the increasing ene
loss of the pions in the necessarily relatively thick polarize
ark

i-

e

nt
x-
tra-
be

n-

e

n

he

is

ra-

e-
m

th a

ew
a-
ea-
ere
nd
cult
rgy
d

target and because of the worse energy or momentum re
lution, which hinders the separation of the scattering on th
various nuclei of the complex target.

The experiment has been carried out at thepE3 channel
of the Paul Scherrer Institut with the low energy magneti
spectrometer LEPS, which features excellent momentu
resolution ('0.2%) and effective muon suppression. Th
spectrometer has been described in detail in Ref.@17#. Two
beam defining scintillators have been mounted in front of th
target to define the beam size corresponding to the size of
polarized target. The target material consisted of 95% b
tanol and 5% water. For the first data taking runs it wa
doped with 1% porphyrexide, later on with 1.5% EHBA-CrV

complexes. The target with a volume of 1831833 mm3 has
been cooled down to 70 mK by a3He-4He dilution refrig-
erator@19# and has been polarized dynamically in the mag
netic field of a Helmholtz coil of 2.5 T. A maximum polar-
ization of 85% for spin up and 72% for spin down has bee
reached. The polarization is reversed by irradiating micro
waves at the opposite edge of the electron spin resonan
absorption line. In almost any material the maximum pola
ization that can be achieved is different for negative an
positive signs. The reason for this is not known; differen
effects may play a role, for example, the shape of the ele
tron spin resonance line resulting from the specific parama
netic dopant and its concentration or the polarization proce
itself. The degree of polarization was measured by standa
techniques, the continuous-wave nuclear magnetic resona
~NMR! method @20#, where the integral of the measured
NMR signals is proportional to the target polarization. An
absolute gauge of the signals is reached in the thermal eq
librium of the system. In this case the degree of polarizatio
is only given by the Boltzmann factor and therefore know
for a certain temperature. For the gauge we have used
temperature of 2.17 K. The degree of polarization for such
temperature is nearly three orders of magnitude smaller th
the degree we have found in the case of dynamic polariz
tion. Around 100 of the thermal NMR signals have bee
added for each target in order to lower the statistical erro
Together with the systematic error due to the determinatio
of the integral of the signals and the uncertainty of the tem
perature measurement, a precision of65% in the polariza-
tion gauge has been reached. After polarizing the protons t
magnetic field has been reduced to 0.8 T~frozen spin mode!.
The final deflection angle of the direct pion beam in th
magnetic field was then 13.5°~Fig. 1!. The relaxation time of
the polarization was about 500 h.

Measurements have been carried out at laboratory scatt
ing angles of 40°, 50°, 60°, and 70° with both polarizations
For background subtraction data have been taken with
1-mm and a 3-mm carbon sheet in the target cavity and wi
an empty target cavity. It turned out that it was sufficient t
use the measurements with the 1-mm carbon sheet. A sm
correction for the different energy loss in the target was a
plied ~Fig. 2!.

The scattered particles have been identified by their tim
of flight ~TOF! versus the rf of the cyclotron and by their
TOF through the spectrometer determined with the two bea
defining scintillators in front of the target and the trigge
scintillator in the focal plane of LEPS. Muons arising from
p decays inside LEPS have been removed by a consisten
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check of the particle trajectory in the spectrometer. The m
efficient cut has been due to the target coordinates. T
have been obtained by a traceback of the particle trajec
from the coordinates measured at the intermediate focu
the spectrometer to the position of the scattering target.
quality of this traceback has been checked by plotting
difference of the distributions for spin up and spin dow
~Fig. 3!. Since the scattering of pions on12C and16O has no
polarization dependence, this difference just gives the p
proton distribution. It clearly reveals the dimensions of t
polarized target.

FIG. 1. Target region for the measurements of thep1pW analyz-
ing power atTp568.3 MeV. The direct beam and the trajectories
the scattered pions at four different scattering angles are sho
QSB72 is the last quadrupole of thepE3 channel, QSD01 the
entrance quadrupole of the LEPS spectrometer.

FIG. 2. Spectra of pions scattered from the polarized target~up-
ward! and the 1-mm carbon target~downward! at a laboratory angle
of 41.2°. The unit for the abscissa is MeV with an arbitrary ze
point. A correction for the different energy loss in the target w
applied. The difference of both spectra is given by the black a
The pions scattered on protons are well separated from the p
scattered from the other nuclei of the complex polarized target.
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The number of pions scattered on protons was normaliz
to the number of pions scattered on heavier nuclei of th
complex target, mainly on the spin zero nuclei12C and
16O. By this normalization most of the systematic errors can
cel. This normalized number of scattered pions can be inte
preted as the differential cross section at a certain target p
larization (ds/dV)pol in arbitrary units. It depends linearly
on the degree of the target polarizationP:

S ds

dV D
pol

5S ds

dV D
0

3~11PAy!, ~4!

with

P5
Np↑2Np↓
Np↑1Np↓

, 21<P<1,

FIG. 3. Traceback of the particle trajectory from the coordinate
measured in the intermediate focus of the LEPS spectrometer to
position of the polarized target. The difference of the spin-up an
spin-down measurements give the distributions shown. They a
found to be in good agreement with the dimensions of the targ
cell.

FIG. 4. Results of thep1pW analyzing power measurements. The
two symbols denote data taken with two different polarized targe
as explained in the text. Also shown are the KP phase-shift pred
tion, a prediction derived from a single energy partial-wave fit t
the differential cross section data of Bracket al. @22# and a partial-
wave fit to the data of this paper. Only theS31 partial wave has
been fitted, keeping theP31 andP33 waves fixed at the values of
the KP phase-shift analysis. The phases are listed in Table II.
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54 1933MEASUREMENT OF THEp1pW ANALYZING POWER AT 68.3 MeV
(ds/dV)0 being the unpolarized differential cross sectio
andNp↑ andNp↓ the numbers of target protons with spin u
and with spin down.

Data have been taken at various values of the target
larizationP including zero. To extract the analyzing pow

TABLE I. Results of thep1pW analyzing power measurements
pp, lab5154.1060.50 MeV/c. The two data sets correspond to me
surements with two different target compositions~as mentioned in
the text!, the target polarization of which has been calibrated se
rately. The errors of the data are essentially given by the error of
target polarization, which amounts to65% and is dominated by the
error of the thermal NMR signals~see the text!. Additional system-
atic and statistical errors of the NMR signals in the polarized st
of the targets are included, but almost negligible compared to
65% error mentioned.

u lab uc.m. Ay Error

41.22 49.07 0.386 60.021
51.03 60.24 0.377 60.019
60.80 71.07 0.331 60.026

41.22 49.07 0.408 60.013
51.03 60.24 0.379 60.014
60.80 71.07 0.366 60.018
70.53 81.54 0.284 60.030
n
p

po-
er

Ay a straight line has been fitted to (ds/dV)pol as a function
of P. The analyzing powerAy is then given by the param-
etersa,b of the fit:

S ds

dV D
pol

5aP1b, ~5!

Ay5a/b. ~6!

By comparison of Eqs. ~4! and ~5! one reads
a5(ds/dV)0Ay , b5(ds/dV)0. For details see Ref.@21#.

III. RESULTS AND DISCUSSION

Data taking runs have been carried out with two differen
targets. One target was doped with porphyrexide, the oth
with EHBA-CrV complexes. Both data sets have an indepe
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TABLE II. Nuclear phase shifts in degrees of the curves in Fig
3 andx2 of the data points.

Input S31 P31 P33 x2/NDF

KP 26.96 21.23 10.13 116.54/7
Bracket al. prediction 25.37 21.77 9.84 34.21/7
PW fit (S31! 26.07 ~KP! ~KP! 6.31/6
PW fit (P waves! ~KP! 24.02 17.95 8.69/5
ta
TABLE III. Partial-wave fit results: nuclear phase shifts in degrees and scaling factors for the various da
sets.

S31 P31 P33 x2/NDF Reference Scaling

26.2260.10 21.2560.13 9.5960.07 13.95/13 this work * 1.05
this work *J1.05

@17# * J0.928
26.3060.07 21.1960.08 9.6860.10 61.84/58 this work * 1.05

this work *J1.05
@17# * J0.936
@23# * J1.07
@24# * J0.95
@24# * J0.987

25.6260.06 21.7460.06 9.9260.04 22.32/26 this work * 0.975
this work *J0.95

@22# * J1.05
@22# * J1.034
@22# * J1.018

26.4060.11 20.4660.12 10.260.1 44.06/14 this work * 1.05
this work *J1.021

@13# * J0.95
26.0260.05 21.5060.05 9.7060.03 157.79/80 this work * 1.05

this work *J1.012
@17# * J0.956
@23# * J1.071
@24# * J0.95
@24# * J0.963
@22# * J1.05
@22# * J1.036
@22# * J0.995
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dent systematic error of65% that is due to the calibration of
the target polarization. Figure 4 and Table I show the resu
ing analyzing powers as a function of the scattering ang
Since the data lie substantially beneath the KP phase-s
predictions, we have carried out an independent phase-s
analysis. If theP31 andP33 waves are fixed at the values o
the KP phase-shift analysis@1# while theS31 phase is varied
freely, a fit to the data points results in26.07°60.09° for the
S31 phase shiftdS31 instead of26.96° for the KP phase
shift. A badx2 (NDF! of 8.69/5 and unacceptable values fo
theP phases are obtained if theS31 phase shift is fixed at the
KP value and theP waves are fitted freely to the data~see
Table II!. Hence we conclude that theS31 phase shift of the
KP analysis has to be modified in order to reproduce t
data. In a more extensive analysis theAy data have been
fitted together with the differential cross-section data of va
ous authors@13,22–24#. Hereby least-squares fits have bee
carried out for all phases (S31,P31,P33! with some overall
rescaling of the various data sets. The data have been
scaled either by up to65% or by the systematic errors of the
data as quoted by the authors if they exceeded65%. The
resulting phase shifts clearly depend somewhat on the d
included in the fit, but generally speaking the absolute va
lt-
le.
hift
hift
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of the S31 phase shift is about 1° smaller than in the KP
phase-shift analysis~Table III!.

The efforts of recent years on the experimental side fo
tunately result in a more and more converging data base. T
main result is that theS31 andS11 phases belowTp5100
MeV are smaller than given by the KP analysis, which i
supported by the first measurement of the analyzing power
those low energies described in the present paper. So
older data simply have to be disregarded in a new phase-sh
analysis, which is extremely timely and has to use indispen
ably dispersion relations as theoretical constraints. This la
of a new dispersion analysis in the spirit of the KPH analys
including recently measuredpN data makes it difficult at
present to draw final conclusions on a ‘‘new’’ value of the
amplitudeS.
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