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Low-energy difFerential cross sections of pion proton (7r p) scattering.
I. The isospin-even forward scattering amplitude at T = 32.2 and 44.6 MeV
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The values of the pion nucleon (vrN) o' term, as determined, on the one hand, from experimental
pion nucleon scattering by means of dispersion relations and, on the other hand, from baryon masses
by means of chiral perturbation theory, differ by 10 to 15 MeV. The origin of this discrepancy is
not yet understood. If the difference between the two values is attributed to the scalar current of
strange sea quark pairs within the proton, the contribution to the proton mass would be of the
order of 120 MeV. The discrepancy may hint at either theoretical deficiencies or an inadequate vrN
database. In order to provide reliable experimental data we have measured angular distributions
of elastic pion proton scattering at pion energies T„=32.2 and 44.6 MeV using the magnet spec-
trometer LEPS located at the Paul-Scherrer-Institute (PSI) in Villigen, Switzerland. From the data
covering the region of the Coulomb nuclear interference, the real parts of the isospin-even forward
scattering amplitude ReD+(t = 0), have been determined as a function of energy. The results have
been compared with the predictions of the Karlsruhe-Helsinki phase shift analysis KH80, reveal-
ing discrepancies most pronounced for the vr+p data. The experimentally determined values for
ReD+(t = 0), however, support the KH80 prediction (which is based on 7rN data available in 1979).

PACS number(s): 13.75.Gx, 21.45.+v, 25.80.Dj

I. INTRODUCTION term [2—6] in one-loop approximation of yPT:

The pion nucleon o term, which is a measure of the
explicit chiral symmetry breaking of QCD, has attracted
great attention during recent years [1—3]. A reason for
that is that the o term might provide evidence for the
existence of strange sea quark pairs in the nucleon, at
small four-momentum transfer. Strange sea quark pairs
seem to contribute to static properties of the nucleon, to
its mass [2—6], spin [7—9], and magnetic moment [10—14].

The ~ term quantifying the explicit breaking of the
chiral symmetry of QCD by the quark masses can be cal-
culated, on the one hand, within the framework of chi-
ral perturbation theory (yPT) of low-energy QCD from
baryon masses. Gasser and co-workers calculated the cr
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a.„~(0,0) = where y = . (1)
35+5 MeV 2(plsslp)

I —y (piuu+ ddip)

The parameter y describes possible contributions of
strange sea quarks to the o term, i.e. , to the mass of the
nucleon. On the other hand, the 0. term is related by a
low-energy theorem (see Ref. [5]) to the isospin-even pion
nucleon amplitude Z ~ at the unphysical Cheng-Dashen
point v = (s — )u/4 m~ = 0 and t = 2m2 = 2@2:

2 tv(0, 2m ) = f D+(0, 2p —) = o. ~(0, 0) + 6
(2)

Here D+ denotes the forward scattering amplitude from
which the pseudovector Born term g ~~/m~ has been
subtracted. The pion decay constant f has the numer-
ical value 92.4 MeV [15]. The term A is given by the
digerence of the scalar form factors at v = 2p and v = 0,

= o.(0, 2pz) —o.(0, 0), and A~ is a higher-order cor-
rection to 4 which is given below.

The amplitude Z 1v(0, 2p ) at the unphysical Cheng-
Dashen point can also be evaluated from sr% scatter-
ing amplitudes determined experimentally for t & 0.
This program of analytical continuation from the phys-
ical region to the Cheng-Dashen point using dispersion
relations has been performed by the Karlsruhe-Helsinki
(KH) group [16]. Koch and Pietarinen [17] carried out
a phase shift analysis (KH80) which extends to Iow en-
ergies and respects analyticity and unitarity and conse-
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quently allows a unique extrapolation both to the AN
threshold (to determine the scattering lengths) and to
the Cheng-Dashen point (to determine the amplitude
Z). Koch (1982) used dispersion relations along hy-
perbolas in the v tp-lane [16]. He obtained a value of
Z„~(0,2p, ) = 64 6 8 MeV.

Gasser and co-workers [4—6], working on the premise
that the isospin-even scattering lengths ao+ and a&+ for
the S&/2 and P3yq waves as well as the imaginary parts
of certain invariant amplitudes for k~ b ) 172 MeV/c
are correctly described by the KH80 solution, obtained
E ~(0, 2p, ) = 60 MeV in a related dispersion analysis.
This confirms the consistency of the Karlsruhe-Helsinki
analysis.

Gasser, Leutwyler, and Sainio [4], also using a disper-
sion relation, calculated 4 = 15 MeV and, within the
framework of chiral perturbation theory, calculated the
term AR = 0.35 MeV [6], taking into account contri-
butions of the order p in@ . Consequently, the relation
between the AN amplitude E ~(0, 2p ) and the o term
is, in one-loop approximation of yPT, E ~ = 0 (0, 0)+15
MeV. Obviously the two values of Z ~ as obtained from
the baryon mass spectrum and from vrN scattering are
difFerent:

35+5 MeV
&nN = = 45—50 MeV and y = 0.2 + 0.2 .

1 —y

If the "large" value of Z ~ was interpreted to be the
result of the existence of strange sea quark pairs in the
nucleon, it had the consequence that the matrix element
of the scalar density of strange quark-antiquark pairs
m, (p~ss~p) contributed about 120 MeV to the nucleon
mass [4].

Data on low-energy vr+p interactions (below = 300
MeV) are particularly important for the determination of
the o term. The existing data [18] (see also the compila-
tions in Refs. [19—22]) are, however, partly contradictory
and inconsistent, making new measurements highly de-
sirable. In our continuing experimental program [23,24],
we have measured angular distributions of elastic pion-
proton scattering at pion energies T = 32.2, 44.6, and
68.6 MeV. Preliminary results have been presented in
Refs. [19,20,25,26].

In this paper (quoted as paper I in the following) we
will describe the data taken at pion energies T = 32.2
and 44.6 MeV at angles between 10 and 45, and in a
second paper (paper II) we will publish the full angular
distributions at the three energies and a combined anal-
ysis of all data. The reason for this two-part publication
lies in the difFerent methods used in analyzing the data.
While the data in the Coulomb nuclear interference re-
gion (paper I) allow a direct determination of the real
parts of the isospin-even forward scattering amplitudes
ReD+(s, t = 0), the full angular distributions provide
the S- and P-wave phase shifts at low energies. In this
paper considerable space has been devoted to the descrip-
tion of the experimental setup and the basic features of
the analysis allowing us to cut (to a minimum) this part
in paper II.

In a previous experiment we determined that
ReD+(t = 0) at T„= 54.3 MeV [23,24]. ReD+(t = 0)

can be obtained experimentally from the difference of the
measured vr p cross sections der+/dO, without any par-
tial wave analysis, and can be compared directly with the
results obtained with the dispersion analyses:

ReD+(v, t = 0) = lim A(t)
4~v s

& —+o mN

where

"; ()A(t) = (3)

with Gc(t) being the pure Coulomb spin (nonflip) am-
plitude. As will be shown in Sec. IIIH, the experiment
that will be described forthwith allows the determination
of ReD+(t = 0) in various partly independent ways.

This paper comprises a description of the experimental
method (Sec. II), of the details of the data analysis, and a
discussion of the results (Sec. III). The data are compared
exclusively with the predictions of the Karlsruhe-Helsinki
phase shift analysis of 1979/80 [17],because this analysis
respects Mandelstam analyticity and unitarity.

II. EXPERIMENTAL METHOD

A. Principle of the experiment

The goal of the experiment is the absolute determina-
tion of the difFerential cross sections for vr+p scattering
at the energies T = 32.2 and 44.6 MeV:

Nscatt (0)
N'"Npg dOc

~+p = (4)

This requires the determination of the following experi-
mental quantities with the highest possible precision: the
number of incident pions N'" impinging the target, the
number of pions N" (0) scattered through the angle 8,
the number of protons per target area, N„, the efFec-
tive solid angle dO subtended by the detector, and the
eKciency of particle detection and other corrections, e

The experiment was carried out in the mE3 channel
of Paul-Scherrer-Institute (PSI) in Switzerland. Figure 1
shows, schematically, the experimental setup. The parti-
cles scattered from the target were detected in the high-
resolution magnet spectrometer LEPS (low-energy pion
spectrometer) [27,28]. The principle of this experiment
may be described as a single-arm measurement with mo-
mentum analysis and is, to our knowledge, employed here
for the erst time in a low-energy vr+p scattering experi-
ment. The recoil protons emerging from the target have
not been detected.

The fI.ux of incoming particles was measured using a
segmented scintillator hodoscope mounted downstream
of the scattering target. In addition, a relative normal-
ization of the pion Aux has been obtained from four small
scintillator telescopes positioned concentrically around
the beam tube some 60 cm upstream of the scattering
target. Both detector arrangements are described in de-
tail in Ref. [29].

The e8'ective solid angle of the spectrometer has been
determined by exploiting the electromagnetic scattering
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FIG. 1. Experimental setup.

of muons from protons, which has been simultaneously
measured in our setup. This is feasible since the cross
section for this reaction, which normally a8'ects the data
as a disturbing background, can be calculated with high
precision. Transforming Eq. (4) and replacing all pionic
quantities by the corresponding muonic ones, results in

N scat t (g)
N'"N's' [do (p+p) /dB]z

After replacing N„'" and N'" by N'"B„and N'"B, re-
spective y, wi anl, th B and B being the relative fractions
of pions and muons in the incident beam, Eq. (5) may e
inserted into Eq. (4):

do ~ ¹'"(0)R„z„do
(

~
)

dO ( P) N (~) R dO

Obviously the number of target protons as well as the
absolute incident Aux cancel in this approach.

The cross sections at scattering angles ranging from
10 to 45 in the laboratory system have been measured
using a 40 mm thick liquid hydrogen (LH~) target. Mea-
surernents with the target cell empty have been carried
out to allow the subtraction of background. The mea-
surement of the particle momentum allows the distinc-
tion between particles scattered from protons and t ose
scattered from other nuclei by means of the reaction kine-
matics alone.

In the following we describe the experimental setup
in more detail, including the pion channel and the spec-
trometer with the attached detectors, as well as the liq-
uid hydrogen target. Subsequently the data acquisition,
absolute momentum calibration, and the experimental
procedure will be discussed.

B. The magnet spectrometer LEPS at the mK3
channel of PSI

The low-energy pion spectrometer LEPS consists of
two dipole magnets in a split pole configuration and a
symmetric triplet of quadrupole magnets placed in front
of the dipoles (see Fig. 2). The triplet forms an image

%~%~%4x~~~X~~~~~bdAAXC%%Shan 4R%4A~X %%%A'%AX4iWi~VAdk%A~X~~XMMXM~X4k%AXMX4kh~hdx

3$10mm

FIG. 2. Magnet spectrometer LEPS.

of the scattered beam at the target in the intermediate
focus (IF). In the intermediate focus a multiwire propor-
tional chamber composed of three x and three y readout
planes allows the measurement of the coordinates xyF and
yap, as well as the angles gyp and PyF. The focal plane
of the split pole magnet is tilted by 43' with respect to
the central trajectory. This permits the use of a verti-
cal drift chamber to determine the coordinate xFp and
the angle OFp in the focal plane. The most important

~ ~features of these detectors are summarize in a e
An arrangement of scintillation detectors is placed down-
stream of the drift chamber. The detectors are used as
trigger counters (scintillators Sl and S2), and as a range
telescope (scintillators R1, R2, and R3).

LEPS can be rotated around the center of the scat-
tering chamber to angles in the range from——5 to123 .
For experiments with LEPS, the low-energy pion chan-
nel vrE3 of PSI is operated in a chromatic mode which
provides a vertical dispersion (in the x direction) at the
scattering target (ST) of DsT = —5 cm/%. The size of
the beam spot at the scattering target is Axs~ ——+5 cm
and LysT ——+2 cm, respectively, resulting in a momen-
tum band of Ap/p = +1%. The momentum resolution
of the channel is about 0.5% full width at half maximum
(FWHM). The divergences at the scattering target are
AO = 35 mrad and AP = 80 mrad (FWHM). The diver-

ofence in the horizontal plane AP limits the precision ogence in e ori
the determination of the scattering ang e..e. he channel,
consisting of three dipole, ten quadrupole, and one sex-
tupole magnets, has a total length of about 15 m. Both
Aux and beam spot size at the target can be adjusted by

ystem of slits. Typical pion rates are 5 x 10 s for
and 1 x 10 s for negative polarity, respective y.

The momentum of the incident particles is measured
by the spectrometer itself, exploiting the chromaticity of
the beam which relates the momentum of the particles
to their x coordinate xsT at the scattering target. This
coordinate is determined by tracing back the particles
using the coordinates measured at the IF of LEPS, and
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Type of chamber

Number of sense wires
Diameter of sense wires
Diameter of field wires

Gap width
Counting gas

High voltage
C7~

TABLE I. Multiwire detectors of LEPS.
Intermediate focus

MWPC with 6 readout
planes

6 x 128, 1 mm pitch
10 pm

5 mm
79.2+p argon, 20/p isobutane,

0.8'Fp freon
4.7 RV
360 pm

5.6 mrad
360 pm

6.8 mrad

Focal plane
Vertical drift chamber

240, 4 mm pitch
20 pm
45 pm
10 mm

50'Pp argon, 50'Pp isobutane

7.2 kv
310 pm
6 mrad

not measured
not measured

taking advantage of the precisely known ion optics of the
quadrupole triplet.

The momentum of the scattered particles is measured
in the focal plane of LEPS by means of the vertical drift
chamber (the dispersion being D = 2 cm/%). Second-
and higher-order effects such as chromatic aberrations

are also compensated by employing the coordinates and
angles measured in the IF. The resulting momentum res-
olution bp/pz, Eps is better than 0.2% (FWHM).

C. The liquid hydrogen target

from
hydrogen ~
reservoir T

first stage-

second stage

LH reservoir—

boil off return

H2
gas

:.:]LH)

heater

radiation shield

vacuum vessel ——

condensing tubes—

to exhaust cold valve
The measurements (in the Coulomb nuclear interfer-

ence region) have been carried out using a 40 mm thick
cylindrical liquid hydrogen target, placed with its axis
along the scattering plane. It consists of a stainless steel
cell with a diameter of 150 mm. As shown in Fig. 3,
an inner target cell which is filled with liquid hydrogen is
separated from the two outer cells, filled with cold hydro-
gen gas, by 30 pm thick Mylar foils. The outer cells are
covered by 160 pm thick Mylar foils. All three cells are
connected in order to maintain the same vapor pressure.
The thin windows of the cell with liquid hydrogen were
prestretched at a temperature of 120 C prior to assem-
bling the target. As a consequence, bulging of these foils
due to the hydrostatic pressure of the LH2 is negligible.
A small meshed container ulled with active carbon and
placed at the bottom of the inner cell catalyzes the tran-
sition of orthohydrogen to parahydrogen, the densities of
which are slightly different.

The target and the two-step refrigerator, with a power
of 34 W at 80 K and 10 W at 20 K, form a closed system.
The net power of the second step of the liqui6er can be
adjusted by means of a heating coil surrounding it. This
ensures that a constant value for the vapor pressure inside
the target, and consequently for the density of the liquid
hydrogen, is maintained: p = 1050 + 5 hPa, r = (70.0 +
0.025) x 10 g/cm . The level of the liquid in the target
cells was monitored by two temperature sensitive diodes,
one at the bottom and the other at the top of the inner
cell. The refrigerator system being equipped with a 1.5
l reservoir for liquid hydrogen, allowed the emptying or
refilling of the target cell within a few minutes by means
of a so-called cold valve. For more details of the liquid
target, see Ref. [23].

'
liquid feed-

FIG. 3. The liquid hydrogen target.

D. Data acquisition

The main components of the data acquisition are
shown schematically in Fig. 4. The boxes in the upper
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E. Momentum calibration of the incident pion beam

trol
arget

cAMAC::=:=:::=::=:=-:='::''::=::=:=::==:===:===::===- CA MAC

Master
Modul

"LAM"

~ .ev

Fast Out

Clear

Slow Out

ADC
TDC

registers
DAC
sealer

Ethernet ~ I

pVAX
magnetic:;::.,~ frontend
tape drive

I~

" STARBURST

FIG. 4. Schematic drawing of the main components of the
data acquisition system.

Great attention has been paid to the precise calibra-
tion of the momentum of the incident beam. Three dif-
ference methods have been employed: (a) time-of-flight
(TOF) measurements of pions with respect to the radio-
frequency (rf) signal of the isochronous cyclotron, (b)
TOF measurements for protons, and (c) energy measure-
ments by the stopping of protons and deuterons emitted
from the pion production target in a silicon surface bar-
rier detector.

Methods (a) and (b) take advantage of the time struc-
ture of the beam introduced by the rf period T,y, l of the
cyclotron (precisely 19.75 ns). At first the TOF with re-
spect to the rf is measured with a scintillation counter at
a position zi. Then the counter is moved downstream to
a position z2 where the distance z = z2 —zi is chosen ex-
actly, such that the measured TOF of the particles (pions
or protons) is the same, modulo 19.75 ns. The velocity
of the particles is then Pc = z/T, ~,i. Neither electronic
nonlinearities nor any calibration of the TDC have inhu-
ence on the precision of this method. The error in the
velocity is driven only by the uncertainties with which
the equality of the TOF measurements and the distance
z can be determined:

part of the figure symbolize the various sources of infor-
mation: detectors, control units for magnets and slit sys-
tems, and the LH2 target. The electronic modules (ADC,
DAC, TDC, registers, scalers), housed in CAMAC crates,
are shown below. These modules are read out by a front-
end computer which writes the data to tape. A pVAX
connected to the front-end via ethernet is used to control
the complete system and to perform an on-line analysis
of part of the data.

The so called master module, " also housed in a CA-
MAC crate, is of great importance in the two-step trig-
ger decision. About 40 ns after a particle has crossed the
trigger scintillators in the focal plane of LEPS the master
trigger (MT) signal is fed to the master module. If the
processing of the preceding event has been completed,
the fast out (FO) signal is generated by the master mod-
ule within 20 ns. This signal is used to stop the TDC
modules of the multiwire drift chamber (MWDC) and to
gate the registration of hits in the multiwire proportional
chamber (MWPC) electronics. The input of the master
module is then locked for forthcoming master triggers.
The ratio of the counting rates s', ~ =FO/MT is a mea-
sure of the dead time of the data acquisition system, and
has to be taken into account during the data analysis.
Some 400 ns after the FO, the master module checks for
an occurrence of the fast clear signal, which will have
been generated by a MWPC logic if less than two x and
two y planes have Bred. If such a signal is not available,
the master module sends a LAM signal to the front-end
computer initiating the read-out of all CAMAC modules.
Otherwise the content of all modules is cleared. Subse-
quent to the fast clear or the completion of the acquisition
phase, the lock of the master module is removed so that
the system is ready to accept new events.

c
Az +

Tcycl Tcycl
(7)

The error of the time measurement is Lt = +25 ps. Typ-
ical values for z, are about 4 and 0.7 m for pions and
protons, respectively. The uncertainty of the distance
for pions is about Az = +1 cm. Taking into account
the corrections for energy losses in foils and air and the
corresponding errors, the error for the pion momentum
is found to be about Ap = +I MeU/c:

(8)

The measurements for protons have been performed in
vacuum. The scintillation counter inside the vacuum ves-
sel has been mounted on a sliding carriage being moved
by means of a threaded bar. The position of the scin-
tillator has been derived from the number of rotations
of the bar with an uncertainty of +0.5 mm. The preci-
sion of this position measurement, combined with the low

P for protons, leads to a smaller error for this method:
Ap = +0.3 MeV/c.

Method (c) turns out to give results which were sys-
tematically lower than those obtained with the methods
(a) and (b). The explanation could be found in the en-
ergy calibration of the silicon surface barrier (SSB) de-
tector, which is usually achieved by using alpha particles
from various sources with energies 5 ( E ( 9 MeV.
In our case an 2 Am source (E = 5.482 MeV) and a
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TABLE II. Momentum and energy of incident pions at the center of the scattering target.

(a) TOF of pions
(b) TOF of protons

p (MeV/c)
100.9 + 1.0
100.15 + 0.3

E (MeV)
32.6 + 0.51
32.2 + 0.17

p (MeV/c)
119.3 + 1.1
120.2 + 0.3

E (MeV)
44.0 + 0.7
44.6 + 0.2

2r2Po/2~2Bi sourcer (E = 8.780 and 6.049 MeV) were
used to calibrate the SSB detector simultaneously with
protons and deuteron measurements to avoid rate depen-
dent effects in the detector and in the electronic circuits.
The relation between the pulse height h, ""of the de-
tector signal and the deposited energy E, however, does
contain terms dependent on the projectile mass and. can
generally be expressed by

6 ""= [a + a'(m, E)] + [6+ 6'(m, E)]E.
Unless all coefficients (in particular a' and 6') which
can vary slightly with the deposited energy are precisely
known, a SSB detector being calibrated with o. particles
may give incorrect results for different types of particles,
especially if the measurements are performed in different
energy ranges. For proton and deuteron measurements
the deviation may be of the order of 1—2%, as has been
described in the literature [30]. Therefore we conclude
that method (c) is not appropriate for use in the cal-
ibration of a low-energy pion beamline to the required
precision. The results for the pion momenta at the cen-
ter of the target as determined by methods (a) and (b)
are given in Table II ~ Due to their superior accuracy, the
momenta determined with method (b) are taken as the
reference values in the following.

F. Experimental procedure

The measurements covered the angular range from 10
to 45 in steps of 5 . The 40 mm thick LH2 target,
being placed in the evacuated scattering chamber, was
pivoted for all runs at 15 with respect to the incident
beam. Due to a large window in the chamber, all scat-
tering angles could be investigated without breaking the
vacuum. The central momentum of LEPS, po, was ad-
justed for each measurement in order to correct for the
energy difference of measurements with full and empty
target as well as for the energy loss due to the recoil of
the protons. Consequently, pions scattered from protons
were always detected with the same relative momentum,
8 = (p —pp)/pp. In this way, the dependence of the spec-

The Po/ Bi source was produced just before the mea-
surements in a dedicated setup. Starting with a small quan-
tity of U in a closed box, volatile Rn is produced in the
natural decay sequence. The atoms arising in the subsequent
decays of Rn are ionized due to the recoil and can easily
be deposited onto a thin aluminum foil by applying a voltage
of some 250 V. At the end of this decay sequence, n particles
from the decays of Bi and Po with energies E~ = 6.049
and 8.780 MeV are observed. The half-life of the source is
governed by the isotope with the longest half-life in the decay
sequence, namely, Pb (Trg2 ——10.6 h).

trometer solid angle on the relative momentum implies
that only very minor corrections need to be made in the
analysis. Great care has been taken in precisely repro-
ducing the strength of the magnet fields, for both LEPS
and the beamline. The currents of the magnets have been
set following a fixed cycle to minimize hysteresis effects.

III. DATA ANALYSIS

A. Overview

As outlined in Sec. II, our experimental method does
not require any calibration of the absolute Aux of the
particles hitting the target. To identify incident parti-
cles and to determine the relative numbers of pions and
muons, their time of fIight with respect to the cyclotron rf
signal has been measured in the scintillator hodoscope. A
relative measure of the incident Aux, which is indispens-
able in the normalization of runs with full and empty tar-
get cells to the same number of incident pions or muons,
is provided by the four muon telescopes (see Fig. 1).

Scattered particles are identified using TOF informa-
tion from the trigger scintillators in the focal plane of
LEPS. To resolve ambiguities due to the relatively short
period of the rf signal (19.75 ns), dE/dT and range infor-
mation has been exploited. Muons originating from pion
decays in the dipoles of LEPS are identified by tracing
their trajectory, as determined from measurements of co-
ordinates and angles at the intermediate focus and in the
focal plane. The steep angular dependence of the cross
sections for both pion and muon scattering, together with
the large angular acceptance of I EPS (40 & 5 ), give
rise to corrections dependent on the scattering angle and
the polarity of the particles. These, however, could be
limited to values below 10% by splitting up the angular
acceptance of LEPS into intervals of 40 = 1 and by
restricting the analysis to events. with Lo & 3 .

The precise determination of ReD+(v, t = 0) was one
of the main motivations for this experiment. As will be
shown below, this quantity can be related not only to
the difference of the difFerential cross sections for vr+p and
7t. p scattering, but also to the ratio of the two. Therefore
a second independent analysis focused on the accurate
fixing of this ratio. The advantage of this approach is
found in a reduction of systematic errors.

B. Particle identi6cation in the incident beam

The relative fractions of pions, muons, and electrons
in the incident beam are measured by their TOF relative
to the rf signal of the cyclotron in a hodoscope which
has been placed 45 cm downstream of the scattering tar-
get. A detailed description of the scintillator hodoscope



2150 CH. JORAM et al. 51

5.0 x 10

4.0 x 10
(-) 32.2 MeV (+)

3.0 x 10

2.0 x 10

1.0 x 10

4.0 x 10

I I
I I I

l I I I I

(-) 44.6 Mev (+)

3.0 x 10

2.0 x 10

1.0 x 10

0 i & a

300 350 400 450 300 350
TOF [ckannel]

I I ~ I

400 450 500

FIG. 5. Time-of-flight spectra taken with the hodoscope
in the incident beam for both particle charges. 1 channel
corresponds to 156 ps.

can be found in Ref. [29]. The TOF measurements imply
that times can be determined only modulo the rf period
(19.75 ns), which in turn introduces partial time over-
laps of pions, muons, and electrons and momentum de-
pendent changes in the order of their arrival times. The
TDC modules are sampled at the reduced rate of about
20 kHz. The information which has been stored in fast
histogramming memory modules is read out at intervals
of 10 min. TOF spectra for both particle charges and en-
ergies are shown in Fig. 5. The analysis of these spectra
is facilitated by exploiting the proportionality of the pion
and muon fraction which is practically independent of the
charge of the particles. Subtracting two properly nor-
malized TOF spectra of opposite polarity leaves the iso-
lated electron distribution, which can then be subtracted
from the original spectra. The resulting pure pion and
muon peaks are well separated. The beam composition
can then be determined by fitting procedures. Two as-
pects have to be considered with great care. First, muons
originating from pion decays upstream of the hodoscope
contribute to a "bridge" between the pions and muons
which also extends under the pion peak. Secondly, the
composition measured with the hodoscope has to be cor-
rected for pion decays between the scattering target and
the hodoscope. Detailed studies with the code DEcAY
TURTLE [31] predict a cancellation of these two effects to
better than 1%, at the energies of our experiment. The
composition of the incident beam at the scattering target
has been summarized in Table III.

The four "muon telescopes" mounted concentrically
outside the beam pipe detect muons originating from
pion decays some 60 cm upstream. Their counting rate,
being of the order of a few kHz, is therefore proportional
to the number of incident pions, N'" = o.pg where pg
denotes the sum of the four telescopes. o. is a constant
the energy dependence of which need not be explicitly

TABLE III. Composition of the incident beam at the scat-
tering target. The statistical errors of these numbers are neg-
ligibly low. The systematic errors depend on the separation
of the TOF peaks of the pions, muons, and electrons and do
not exceed +2'Fo.

T (MeV)
32.2
32.2
44.6
44.6

Polarity
+

R„
0.524
0.367
0.685
0.555

R„
0.316
0.222
0.212
0.164

R,
0.102
0.371
0.057
0.215

B„/B
0.603
0.605
0.310
0.296

known. A relative measure for the incident muon flux
is given by N'" = apEB„/B The. se relative pion and
muon fluxes have been used to normalize the runs cor-
responding to full and empty targets to the same num-
ber of incident particles. By using the muon telescopes
instead of the hodoscope, systematic errors of the abso-
lute counting rates of the order of 10 s, introduced
by electronic dead time and multiple particle hits from a
single burst, are circumvented. In addition, ratios of the
counting rates of the individual muon telescopes provide
an even more sensitive monitoring of fluctuations in the
beam spot than the profiles obtained with the hodoscope.

C. Identification of scattered particles

The particle identification in the scattered beam aims
at the unambiguous discrimination of elastic vr+p and
p+p events against all sources of background. The main
contribution to the background is due to the decay of
pions. The eÃects of muon decay in the region around
the scattering target and inside the spectrometer are al-
most negligible. Electrons scattered from protons are,
however, observed as well. The relative contributions of
these processes vary significantly with the scattering an-
gle.

Most of the background arising from decays as well as
the elastically scattered electrons can be removed easily
by TOF measurement in the focal plane of LEPS. The
path length through the spectrometer depends on the an-
gles and relative momenta of the particles with respect
to the central trajectory. However, through a precise
awareness of the trajectory for each particle, determined
by the various wire chambers in LEPS, we are able to
correct the time of flight for diferent path lengths. The
resulting TOF resolution of about 1 ns (FWHM) is lim-
ited finally by the time resolution of the pion channel.
Two time-of-flight spectra taken at T = 32.2 MeV at
scattering angles of 20 and 45, respectively, are shown
in Fig. 6.

At T„=44.6 MeV (corresponding to 120.2 MeV/c) a
quantitative separation of muons and electrons is diKcult
due to partial overlaps in the TOF spectra arising from
the time structure of the primary proton beam. Here the
energy deposited in the trigger counters as well as the
path length in the range telescope provide additional in-
formation. The energy deposit in the trigger scintillators
is derived from the pulse heights of the photomultipliers
which are mounted at both ends of the counters. Calcu-
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FIG. 8. Range distributions of pions, muons, and electrons
at p = 120.2 MeV/c.

FIG. 6. Time-of-Right spectra taken at T = 32.2 MeV and
at scattering angles 0& b ——20 and 45', respectively, with the
scintillation counters in the focal plane of LEPS. As explained
in the text the various contributions to the spectra have been
identified by means of dE/dx and range measurements. 1
channel corresponds to 50 ps.
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FIG. 7. Energy loss spectrum measured in trigger counter
Si at p = 120.2 MeV/c with LEPS positioned at 0~ b = 0'.
The identification of the different particles has been achieved
by TOF measurements.

lating the geometric mean and correcting for the angular
dependence of the path length, Qi ——v/QiQ&cosa, leads
to a satisfying separation of pions, muons, and electrons
(see Fig. 7). The range telescope can be used to iden-
tify electrons in the focal plane. In contrast to pions and
muons, electrons of the considered momentum (= 120
MeV/c) do not stop in the telescope. Polyethylene ab-
sorbers of the proper thickness are positioned between
the scintillators which reliably stop pions and muons in
front of the last counter, R3. In this way, pions and
muons are distinguished from electrons. A quantitative
separation of pions and muons by this method alone is,
however, not possible. A typical stop distribution is
shown in Fig. 8.

For muons originating from pion decays in the split
pole of LEPS, the remaining path length to the trigger
counters is not sufFicient for a clear separation by TOF.
These muons are e%ciently removed by checking whether

the radial angles measured at the intermediate focus and
the final plane of LEPS are consistent with the trajectory
of a nondecaying ("stable" ) particle. Detailed experimen-
tal studies as well as simulations with an extended version
of DECAY TURTLE have proven the remaining background
to be less than 1Fo [32].

The number of pions detected in the focal plane of
LEPS must be corrected for decay losses. This is done
by weighting each detected pion with a factor

(lp~, hm~ ),K = exp
c~pf )

The path length /& th from the scattering target to the
focal plane as well as the momentum pf after scattering
are known with good precision. Therefore although this
correction is of the order of a factor of 2, it does not
introduce a sizable uncertainty.

D. Subtraction of the empty target measurements

After applying the cuts discussed in Sec. IIIC there
remains only background from the scattering of pions
and muons on the Mylar windows (chemical composition
CsH402) of the target. The momentum resolution, be-
ing worsened by energy straggling in the 20 mm thick
hydrogen target and various vacuum windows, does not
allow us to distinguish between the scattering on carbon
and oxygen nuclei merely by means of the difFerent kine-
matical energy transfer alone. Empty target measure-
ments are necessary. They have been normalized to the
same number of incident pions or muons by exploiting the
summed counting rates p~ of the muon telescopes. The
measurements with the empty target cell have been per-
formed with the central momentum of LEPS reduces by
0.8 MeV/c in order to compensate for the energy loss in
the liquid hydrogen. The procedure of background sub-
traction is visualized and checked in the missing mass
spectra. As an example, Fig. 9 displays normalized miss-
ing mass spectra for runs with full and empty targets,
for both pions and muons. In the difI'erent spectra, the
peaks due to the scattering on carbon and oxygen cancel
to better than 1%. The completeness of the cancellation
represents a convincing check of the temporal stability of
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requires a knowledge of the electromagnetic cross sec-
tions for p+p scattering. These have been calculated in
the Born approximation (corresponding to one-photon
exchange) (all quantities in the center-of-mass system)
[33]:
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FIG. 9. Energy spectra for pions (left) and muons (right)
scattered from the hydrogen target with the target cell alter-
nately full and empty.

the experiment and the correctness of an essential part
of the analysis.

E. Determination of the scattering angle

The smallness of the scattering angles investigated in
this experiment requires a precise determination of this
quantity. The scattering angle @ has been calculated
from

cosgLEps —srn4'LEps tan4's Tcos
gl + tan /ST + tan OsT

(10)

F. Evaluation of the cross sections

The data have been analyzed in two essentially inde-
pendent ways: (A) Absolute diKerential cross sections for
vr p scattering have been determined independently for
both charges and, (B) ratios of the cross sections for 7r+p
and vr p scattering (relative numbers) have been derived.

Method A

The determination of the cross sections following the
equation

with PLEps being the angle between the beam axis and
the central trajectory of LEPS, and PsT and OsT the
horizontal and vertical angles between the particle tra-
jectory and the central trajectory of LEPS. In this ex-
periment the angles of incidence before scattering have
not been measured, in order to avoid having further de-
tector materials in front of the scattering target and to
allow the highest possible incident flux. It turns out that
the main contribution to the error of the scattering an-
gle was given by the horizontal divergence of the beam,
oy ——2, whereas the influence of the vertical divergence
could be neglected. In the following the scattering angle
calculated with Eq. (10) is denoted by 0.

Q2
E2t

tm„+ 4(E„E„+p„)4m2

xI E„E„+p„+—
)

The proton form factors are approximated by

GE = ——
I

1 —0.028
t

2.79 ( m2 )
( t

Fi =
I

GE —,&M
I I

1—
4m„' ) q 4m2)

t/2m„—2m„

d&exp

dn
(')= (0')H(8 —8') do' . (14)

The normalized distribution H(0) has been determined
in a separate experiment where a multiwire proportional
chamber with four planes (two for both x and y coor-
dinates) has been installed at the position of the scat-
tering target. By reducing the intensity of the primary
proton beam, the complete spatial and angular distribu-

Higher-order graphs contribute in the kinematical region
under consideration to less than 0.5% and have been ne-
glected.

In the following we describe the corrections to Eq. (11)
which are summarized by E' = 8 E'gE'g g. The vari-
ous factors represent the corrections for the beam diver-
gence, for the diA'erent solid angle of LEPS for pions and
muons, and for different detector e%ciencies for pions
and muons, respectively, as will be discussed below. The
corrections for computer dead time and pion decay de-
scribed in Secs. IID and III C have always been applied
but will not be specifically listed below.

During the analysis the angular acceptance of LEPS
has been cut to IAOI & 3' and split into angular bins
with a width of 1 . The error of the scattering angle is
then governed by the horizontal divergence of the inci-
dent beam, in the following denoted by H(0). The mea-
sured cross section, no mat ter whether vr p or pp scat ter-
ing is considered, is then given by the "true" cross section
convoluted with the divergence of the incident beam:
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tion H(x, e, y, P) has been determined under exactly the
same experimental conditions as those available during
the data-taking runs. By using time-of-Hight informa-
tion, the distributions have been found for pions, muons,
and electrons separately. No significant differences have
been observed for the distributions for the various par-
ticle types and charges. The equality of the pion and
muon spatial distributions is a prerequisite for the appli-
cability of our method of normalization of the pion cross
sections relative to the electromagnetic ones (with muons
and electrons).

In order to calculate the correction arising from the
beam divergence,

1.3
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0.7
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50

FIG. 10. The correction c „,being a consequence of the
horizontal divergence of the incident beam, shows a di8'erent
angular dependence for m+p and m p scattering.

(»)(do/dB'"i'(pp) ) /do/dO' ~(7rp) )
da/dO (pp) ) ( da/d 0 (7rp) )

the angular distributions for both harp and pp scattering
have to be known. In the case of pp scattering, the cross
sections have been calculated, as mentioned above, in
first order of photon exchange [33]. In the case of 7rp

scattering the calculations have been carried out using
the phase shifts from the KH80 solution [17]. This proce-
dure is justified since the correction itself, which is plot-
ted in Fig. 10 for pions as a function of the scattering
angle, is relatively small and does not exceed 10%.

The eKciency for the detection of pions has been found
to be slightly higher than that of muons, resulting in a
correction sg, t of the order of 1%. The relative momenta
of pions and muons (8 ~b„) scattered from protons dier
in their different kinematical energy transfer and energy
loss in the target by several percent. This gives rise to a
third correction, since the solid angle of LEPS depends on
the relative momentum. The resulting correction e~ ——

AO(b„)/AO(8 ) is precisely known experimentally and
never exceeded 5%%uo.

Finally, after calculating the individual cross sections
for each angular bin, adjacent bins were systematically
combined in pairs to achieve a more transparent presenta-
tion and smaller statistical uncertainties relating to the
individual points. The results are displayed in Fig. 11
and listed in Tables IV and V.

TABLE IV. Absolutely normalized di8'erential cross sec-
tions for harp scattering at T = 32.2 MeV.

9, (deg)
11.77
14.12
16.47
18.81
21.15
23.49
25.82
28.15
30.47
32.78
35.09
37.40
39.69
41.98
44.26
46.53
48.80
51.05
53.30
55.54

~„- (vr+p) (mb/sr)
18.013 + 0.618
8.758 + 0.366
4.146 + 0.180
2.543 + 0.125
1.546 + 0.044
0.949 + 0.029
0.672 + 0.018
0.493 + 0.014
0.351 + 0.010
0.262 + 0.008
0.231 + 0.009
0.179 + 0.006
0.172 + 0.011
0.156 + 0.013
0.166 + 0.016
0.167 + 0.017
0.155 + 0.013
0.154 + 0.009
0.194 + 0.012
0.174 + 0.017

(vr p) (mb/sr)
23.563 + 0.889
12.841 + 0.406
7.340 + 0.207
4.734 + 0.135
3.555 + 0.087
2.528 + 0.075
1.979 + 0.054
1.485 + 0.061
1.321 + 0.061
0.974 + 0.052
0.826 + 0.054
0.792 + 0.039
0.661 + 0.033
0.619 + 0.030
0.548 + 0.025
0.511 + 0.023
0.445 + 0.021
0.429 + 0.019
0.421 + 0.019
0.368 + 0.023

2. Method B

TABLE V. Absolutely normalized differential cross sec-
tions for mp scattering at T„=44.6 MeV.

8, . (deg)
11.88
14.26
16.62
18.99
21.35
23.70
26.06
28.40
30.74
33.08
35.40
37.72
40.04
42.34
44.64
46.93
49.21
51.47
53.73
55.98

(sr+ p) (mb/sr)
7.721 + 0.447
3.931 + 0.262
1.681 + 0.074
0.828 + 0.034
0.480 + 0.019
0.250 + 0.011
0.176 + 0.007
0.149 + 0.007
0.109 + 0.005
0.120 + 0.004
0.113+ 0.004
0.132 + 0.004
0.142 + 0.009
0.156 + 0.015
0.160 + 0.014
0.150 + 0.013
0.182 + 0.018
0.212 + 0.019
0.226 + 0.021
0.244 + 0.031

"~„- (~ p) (mb/sr)
13.220 + 0.722
7.749 + 0.417
4.180 + 0.211
2.905 + 0.164
2.307 + 0.129
1.453 + 0.094
1.195 + 0.058
0.961 + 0.046
0.?57 + 0.032
0.784 + 0.031
0.590 + 0.027
0.528 + 0.023
0.528 + 0.043
0.524 + 0.077
0.422 + 0.051
0.393 + 0.056
0.410 + 0.057
0.316 + 0.044
0.327 + 0.038
0.342 + 0.059

A second independent analysis which determines only
the ratios of the differential cross sections for vr+p and

p scattering has the advantage of smaller systematic
uncertainties:

da/dA(~+p) N"i "N'"

da/d A(~ p)—
The only correction c' which has to be applied is due to
contributions arising from the convolution described in
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FIG. 11. Di8'erential cross sections for 7r+p
and vr p scattering at T = 32.2 and 44.6
MeV.
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Sec. IIIF 1 being diferent for the two particle charges.
The efficiencies of particle detection eg, q, as well as un-
certainties in the solid angle c~, factor out completely.
The number of incident pions is directly proportional
to the counting rate of the muon telescopes, so that, if
both runs are again normalized to the same quantity p~,
the right side of Eq. (16) reduces to (W"+ /N" )e'
These results combined with the ratios of the cross sec-
tions obtained with method A are shown in Fig. 12 and
listed in Tables VI and VII. At T„= 44.6 MeV a per-
fect agreement of the two analyses is found, whereas at
T = 32.2 MeV a systematic deviation of the order of 5%
is observed. In order to find an explanation for this de-
ficiency, the ratio of cross sections according to Eq. (16)
has been determined for pp scattering as well, where for
all scattering angles a result very close to unity is ex-
pected. In this case the number of incident muons is
derived from the counting rate of the Inuon telescopes by
N„'" = o:ppR„/R After no.rmalizing both runs to the
same number of counts in the muon telescopes, pg, we
obtain

The results of the analysis for pp scattering are shown
in Fig. 13. At T = 44.6 MeV a mean value of 0.995
has been found for the ratio da(y+p)/do(p p), whereas

at 32.2 MeV the ratio is 1.044, confirming the deviation
mentioned above. We conclude that the two diferent
methods employed to analyze the data are consistent for
T = 44.6 MeV. At 32.2 MeV, however, a systematic
error of the order of 5% remains, the origin of which
must be found in the normalization procedure with muon
scat tering.

8. Discussion of the results and comparison with the
KH80 phase shift analysis

The angular distributions shown in Figs. 11 and 12
are dominated by the steep slope at small scattering an-
gles which is typical of the electromagnetic interaction.
The interference of the electromagnetic and the strong in-
teraction being destructive for vr+p and constructive for
vr p scattering leads to a pronounced minimum in the
first case at center-of-mass angles around 30 to 40 . A
comparison with the prediction of the Karlsruhe-Helsinki
phase shift analysis KH80, which forms the basis for the
current experimental value of the o. ~ term, reveals dis-
crepancies which are most pronounced for ~+@scattering
at the largest angles measured in this experiment. At the
smallest scattering angles, however, i.e. , in the Coulomb
interference dominated region, the experimental values
are in excellent agreement with the predictions for both
charges and both energies. This is a stringent test of the
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FIG. 12. Ratio of the di8'erential cross sec-
tions for m+ p and vr p scat tering in compar-
ison with that of the counting rates N+/N
(see the text for details).
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TABLE VI. Ratios of differential cross sections for m+p and
7t p scattering at T = 32.2 MeV.

0
(deg)
11.77
14.12
16.47
18.81
21.15
23.49
25.82
28.15
30.47
32.78
35.09
37.40
39.69
41.98
44.26
46.53
48.80
51.05
53.30
55.54

0.731 + 0.012
0.601 + 0.012
0.539 + 0.011
0.428 + 0.007
0.395 + 0.007
0.352 + 0.005
0.323 + 0.007
0.303 + 0.006
0.278 + 0.006
0.267 + 0.007
0.276 + 0.007
0.249 + 0.013
0.288 + 0.013
0.347 + 0.016
0.321 + 0.013
0.412 + 0.015
0.441 + 0.013
0.483 + 0.012
0.482 + 0.022

0.765 6 0.039
0.682 + 0.036
0.565 + 0.029
0.537 + 0.031
0.435 + 0.016
0.375 + 0.016
0.339 + 0.013
0.332 + 0.017
0.266 + 0.014
0.269 + 0.016
0.279 + 0.021
0.226 + 0.014
0.260 + 0.021
0.251 + 0.024
0.303 + 0.032
0.328 + 0.037
0.348 + 0.034
0.359 + 0.027
0.460 + 0.036
0.474 + 0.056

normalization method applied to the data. A deviation
from the calculated values in this region would clearly
hint at systematic errors in the normalization. At scat-
tering angles larger than 20 the vr+p data collected at
both energies are significantly lower than the KH80 pre-
diction. For the T = 32.2 Me V data, the discrepancy
reaches a value of about 0.07 mb/sr at 0, = 40', be-
ing constant thereafter up to the largest measured angle.
In the case of the 44.6 MeV data, a constant discrep-
ancy of about 0.04 mb/sr is observed for angles larger
than 0, —30 . This corresponds to relative deviations
of about —30% and —20% at 32.2 and 44.6 MeV, respec-
tively. The vr p cross sections at 32.2 MeV are marginally
higher than the KH80 predictions, whereas at 44.6 MeV
the experimental values are below the predictions by up
to about 15% at angles from 20 on. A comparison of
the ratios of 7r+p/vr p cross sections with the phase shift
prediction gives different results for the two energies (see
Fig. 12). At 32.2 MeV the ratios obtained with both

TABLE VII. Ratios of difI'erential cross sections for vr+p
and vr p scattering at T = 44.6 MeV.

8,
(deg)
10.10
11.88
14.26
16.62
18.99
21.35
23.70
26.06
28.40
30.74
33.08
35.40
37.72
40.04
42.34
44.64
46.93
49.21
51.47
53.73
55.98

scatt / scat t

0 653 + 0 025
0.548 + 0.019
0.475 + 0.015
0.386 + 0.012
0.308 + 0.010
0.228 + 0.006
0.177 + 0.006
0.155 + 0.004
0.156 + 0.004
0.136 + 0.003
0.178 + 0.003
0.205 + 0.003
0.260 + 0.003
0.262 + 0.005
0.317 + 0.009
0.421 + 0.010
0.471 + 0.012
0.550 + 0.011
0.617 + 0.009
0.687 + 0.009
0.754 + 0.014

0.584 + 0.046
0.507 + 0.043
0.402 + 0.027
0.285 + 0.020
0.208 + 0.014
0.172 + 0.013
0.147 + 0.009
0.155 + 0.010
0.144 + 0.009
0.153 + 0.008
0.192 + 0.011
0.250 + 0.013
0.269 + 0.028
0.298 + 0.052
0.379 + 0.057
0.382 + 0.064
0.444 + 0.076
0.671 + 0.111
0.691 + 0.103
0.713 + 0.153

G. Discuss&on of errors

In addition to the standard deviation representing the
pure statistical errors deduced from the number of scat-
tering events, the errors quoted in Tables IV—VII include
contributions from two other sources: The error result-
ing from the cuts discussed in Sec. III C applied in order
to select scattered pions or muons, and the uncertainty
originating from the muonic background remaining in the
pionic spectra after applying all cuts. While the first con-
tribution has been estimated to be less than 1.8% by sys-
tematic variation of the cuts, the latter uncertainty has
been calculated by means of simulations with the com-
puter code DECA'Y TURTLE [31] to be smaller than 0.5%.
Since the cuts have been determined for each data point
separably, the errors have been added quadratically to
the standard deviation.

In the following we discuss the various systematic er-
rors which have been added linearly in order to arrive
at a maximum error in the absolute normalization. The
uncertainty of the identification of the incident particles
represents an essential contribution to the error of the
normalization. By varying the cuts in the TOF spectra
(see Sec. IIIB) this contribution, which does not depend
on the scattering angle, has been found to be less than
+2%. Since the electromagnetic cross sections for p, +p
scattering exhibit a strong energy dependence, the ab-

methods (A) and (B) lie considerably below the KH80
prediction. At 44.6 MeV, where deviations of the mea-
sured cross sections from the KH80 solution have been
observed for vr+p as well as for vr p scattering, the ratio
of the cross sections is in reasonable agreement with the
KH80 prediction.
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solute normalization of the vr+p data suBers from the
limited accuracy with which the energy of the incident
muons is known. The resulting uncertainty has been cal-
culated to be about +0.8% and turns out to be more or
less independent of the scattering angle. Due to the me-
chanical tolerances in the alignment of the wire chamber
in the intermediate focus of LEPS, the central horizon-
tal scattering angle is known to within an error of only
2 mrad and is identical for pions and muons. At small
scattering angles, where the pion and muon cross sec-
tions show a very similar angular dependence, the result-
ing uncertainties are negligible. For larger angles, how-
ever, uncertainties up to +2.5% can be introduced by
this efFect. Two minor uncertainties originate from the
correction terms c, „and z~ discussed in Sec. IIIF 1.
By systematically varying the angular resolution deter-
mining s, „,an uncertainty below +1% has been found.
The error introduced by the correction e~, the values of
which are of the order of +5%, is believed to be negligi-
ble. We conclude that the maximum uncertainty of the
absolute normalization of the m+p cross sections at 32.2
and 44.6 MeV is +6.3%. If we sum up the individual
contributions quadratically, a method sometimes favored
by other authors, we obtain +3.4%.

In the case of ratios of the cross sections described in
Sec. III F 2, both the statistical and systematic errors are
smaller than for the individual cross sections. On the
one hand, this is due to the higher counting statistics
for pions compared to that for muons. On the other
hand, some of the systematic uncertainties factor out in
the ratio, resulting in a maximum error for the absolute
normalization of +3.5%.

H. Determination of ReD+(t = 0)

As outlined in the Introduction, an experiment mea-
suring both vr+p and vr p scattering in the region of
the Coulomb nuclear interference allows a direct deter-
mination of the isospin-even forward scattering ampli-
tude ReD+(t = 0) at vanishing four-momentum transfer
t [Eq. (3)]. The expression for A(t) is shown in Fig. 14 for
T = 32.2 and 44.6 MeV. A polynomial of second order
in t, f(t) = cp + ci t+ c2t, has been fitt'ed to the data,

4vr~s . o (7r+p)/cr(7r p) —1ReD+ t=0 llm
m~ ~~p o ( r7+p) /o(vr p) + 1—

IG~(t) I'
2 ReGc (t)

(18)

should in principle be more precise, since some of the
errors discussed in Sec. III G factor out. These advan-
tageous factorings out are, however, detracted from by
the uncertainties associated with the more complicated t
dependence of Eq. (18), which is in turn well described
by a function such as

1 + c2t + est= Ci
1 + c4t + cst

In order to Ininimize the uncertainties resulting from the
extrapolation to t = 0, all coeKcients have been given
initial values by fitting them to the predictions of the
KH80 phase shift analysis. Subsequently only the co-
efficients ci and cs representing ReD+(t = 0) and the
curvature of Reo+ have been freely determined. Instead
of calculating the ratios cr(vr+p)/o(vr p) from the indi-
vidually determined cross sections (see Sec. III F 1), the
ratios (see Sec. III F 2) have been used in a third variant
to evaluate ReD+(t = 0). A final approach makes use
of the direct and separate determination of the forward
scattering amplitudes for vr p and 71 p scattering:

(4~~s do. (7r+p)/dA —
!Gc.(t)!')ReD~ t =0 = limi~p ( m~ 2 ReGC (t) )

(20)

Subsequently the isospin-even amplitude can be calcu-
lated by averaging the amplitudes for a+p and vr p scat-
tering through

ReD+(t = 0) = -'Re[D+(t = 0) + D (t = 0)] .

A summary of the results of the four approaches and a
comparison with the predictions of the KH80 phase shift

where the coefficient cp determines A(t = 0). A second
approach, employing only the ratios of the vr+p and vr p
cross sections,
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TABLE VIII. Results of the various methods used to de-
termine ReD+(t = 0).

20 I ~ I
[

I I I I
J

I I I 1
[

I

ReD+(t = 0) (GeV ')
+

o+/o
N+/N
—,'(D+ + D-)
Weighted mean
KH80

32.2 MeV
8.4 + 0.3
8.2 + 0.5
8.0 + 0.5
8.2 + 0.7
8.2 + 0.3

6.8

44.6 MeV
10.2 + 0.5
11.3 + 1.0
11.3 + 1.0
10.3 + 0.8
10.5 + 0.5

10.9

16

12

analysis is given in Table VIII.
The four different approaches lead to results for

ReD+(t = 0) which are consistent within the quoted
uncertainties. The uncertainties in the weighted means,
incorporating the results stemming from each of the four
methods, have been associated, in a conservative way,
with the errors of the first method. Since the differ-
ent results are based on the same experimental input,
a conventional propagation of the errors would produce
estimates too optimistic for those of the weighted means.

At T = 32.2 MeV the comparison with the prediction
of the KH80 phase shift solution for the nuclear ampli-
tude ReD+(t = 0) reveals a considerable discrepancy,
whereas at 44.6 MeV the experimental value is still com-
patible with the predicted one. In Fig. 15 ReD+(t = 0)
is plotted versus the center-of-mass momentum squared.
The choice of the abscissa is motivated by the usual low-

energy expansion of the partial waves at threshold (effec-
tive range approximation), fi = q '(a i + qbi+ . .) with l

specifying the angular momentum. Even if the effective
range approximation is valid only up to T = 30 MeV a
smooth and only weakly curved behavior of ReD+ (t = 0)
is expected in our energy range. Figure 15 includes two
further points from an earlier experiment at T = 54.3
MeV [23,24]. Generally speaking, the experimentally de-
termined values of ReD+(t = 0) confirm the q depen-
dence of the KH80 prediction and point to an even higher
value at the lowest energy.

IV. SUMMARY

I I I I I t I I I I I I I I0
0.005 0.0075 0.01 0.0125 0.015

q [Ge@2/c2]

FIG. 15. The real part of the isospin-even amplitude
D+(t = 0) plotted versus the center-of-mass momentum
squared. Two values are included at q = 0.0126 GeV /c
from Refs. [23,24]. The solid line corresponds to the predic-
tion of the KH80 phase shift solution. The error band of
+5'70 has been chosen in accordance with the errors of the
S-wave scattering lengths, as given by Koch in his analysis of
low-energy pion nucleon scattering [34].

Carlo corrections which often induce additional uncer-
tainties. The measured cross sections have been com-
pared with the predictions of the phase shift analysis
KH80, revealing discrepancies mainly for the vr+p data
which amount to about 30% at 32.2 MeV. The numbers
for ReD+ (t = 0), however, substantiate the high value for
the E amplitude at the Cheng-Dashen point. Although
a final conclusion concerning the value of this amplitude
can be drawn only after a new dispersion analysis, which
has to incorporate the complete pion nucleon database,
the discrepancy between the experimental o term and the
value obtained from the baryonic mass spectrum seems to
persist. The question of the contribution of ss sea quark
pairs to the mass of the nucleon still awaits conclusive
resolution.

In this article the experimental determination of the
differential cross sections of pion proton scattering at
pion kinetic energies T = 32.2 and 44.6 MeV has been
described. The angular region (10' & Oi b & 45') com-
prises the region of the Coulomb nuclear interference and
hence allows the direct evaluation of the real part of
the isospin-even pion nucleon amplitude ReD+(t = 0).
The experimental method, especially the use of high-
resolution magnet spectrometer equipped with various
wire chambers and scintillation detectors, allows the col-
lection of data with the large amount of redundancy
which is indispensable for a reliable analysis. As a con-
sequence, the analysis is almost completely free of Monte
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