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A sensitive test of nuclear charge symmetry has been made by comparing differential
cross sections for m+ and m. elastic scattering from deuterium at 143 MeV. Residual
charge symmetry breaking effects in the cross section ratio have been parametrized in
terms of mass and width differences among the components of the 4 isobar. Accurate ab-
solute m d differential cross sections were measured for the first time and m +d differential
cross sections agree well with other results and with three-body calculations.

NUCLEAR REACTIONS H(m+, m+), H(m, m ), E~=143 MeV,
measured o.(0 ). Magnetic spectrograph. Three-body analysis. Charge
symmetry breaking parametrized in terms of 6 isobar mass and width

differences.

I. INTRODUCTION

It is generally assumed that the strong interaction
is charge symmetric, that is, identical under the in-
version of the third component of the isospin opera-
tor. This leads, for instance, to the equality of the
nn and pp nuclear interactions and to the mirror
symmetry found in light nuclei.

The inversion of the T3 component of the isospin
of the m+0 system results in the m d system, and
hence a comparison of n +d and tr d nuclear cross
sections provides a sensitive and direct test of
charge symmetry. Both total and differential nu-
clear cross sections for tr+ and m scattering from
deuterium should be equal. In each case, however,
corrections must be made for Coulomb effects to
obtain the purely nuclear cross section since the
electromagnetic interaction violates charge symme-
try.

In this paper we present a detailed description of
our m+d and ~ d differential cross section mea-

surements, and of the accurate measurement of the
ratio of the difference between these cross sections
to the sum. Theoretical estimates of electromagnet-
ic corrections to this ratio are then made and the
extent to which charge symmetry is violated in this
interaction is determined. A brief description of the
differential cross section ratio data has already been
published as a Letter by Masterson et al. '

Pedroni et a/. have made measurements of m. —+d
total cross sections from 70 to 370 MeV which indi-
cated possible charge symmetry violations at the
3 —S%%uo level. These differences between n. +d and

d total cross sections persisted after Coulomb
and Coulomb-nuclear interference corrections; these
were parametrized in terms of mass and width
differences among the components of the 633 isobar
in a way similar to that indicated by Myhrer and
Pilkuhn.

In Sec. II the current status of experimental ob-
servations related to charge symmetry is reviewed
and estimates of the sensitivity of elastic pion
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scattering to charge symmetry breaking effects are
presented. Three-body descriptions of the m.d in-

teraction obtained from exact solutions of Faddeev
equations are also discussed there.

The m+0 and ~ d differential cross sections
were measured at a pion energy of 143 MeV to
match the energy at which the maximum asym-
metry in the total cross sections was observed. It
was also at this energy that m-+p differential cross
sections were measured by Bussey et al. and these
were used as a basis for the absolute normalizations
for the m.d system. There have been no previous
measurements of m. d differential cross sections in
this energy region except for the early bubble
chamber measurements of Pewitt et a/. The
present m+0 differential cross sections agree very
well with recent m. +d measurements of Gabathuler
et al. and with the three-body calculations of
Giraud et al. Our most precise result is the ratio
of the difference of m d and ~+d differential cross
sections to the sum

o (0)—o. +(0)
A~ =-

o (8)+o. „(8)

The precision of this result is due to the cancella-
tion of many absolute experimental and theoretical
uncertainties in the ratio. Experimental details are
discussed in Sec. III.

Electromagnetic corrections are required to make
a comparison of m+d and ~ d nuclear interactions
and they are discussed in Sec. IV. These corrections
arise from interference of Coulomb and nuclear am-
plitudes, and differences in effective m. + and m in-
teraction energies. Explicit charge asymmetric ef-
fects come from mass differences among the com-
ponents of the A. The nuclear description of the red

system used to generate these corrections was the
three-body Faddeev formalism of Rinat and Tho-
mas. ' The description was "fully" relativistic
and included all S and I' wave pion nucleon phase
shifts. It is in the reliability of these corrections for
the relatively well understood m.d system that pion
scattering from deuterium provides a more defini-
tive test of charge symmetry than does pion scatter-
ing from heavier self-conjugate nuclei.

The charge symmetry violating effects that have
been observed in this experiment can be expressed in
terms of a 5 isobar mass difference parameter C~
with a value of 4.35+0.5 MeV. This value is based
on m. -+p normalization cross sections calculated
from a standard set of m —+p phase shifts. In the fi-
nal section the implications of our results and com-

parisons with other tests of charge symmetry are
discussed.

II. THEORETICAL AND EXPERIMENTAL
BACKGROUND

The ~d system has been studied intensively for
the past several years and accurate calculations are
now available for this simplest pion-nucleus system.
The nonrelativistic three-body problem was first
formulated by Faddeev in 1961 and then ap-
plied' ' to the md system in about 1972. The state
of the art until then had consisted of single scatter-
ing plus some estimate of double scattering' or a
Glauber calculation. ' This was followed by at-
tempts to understand the problems of double count-
ing and absorption' ' and exact solutions were ob-
tained, both at zero energy' ' and in the reso-
nance region. ' '

The pion is quite relativistic (P & 0.85) in this en-

ergy region and relativistic kinematics have been in-
cluded in the md descriptions of Rinat, Thomas,
and others. ' Initial three body relativistic calcu-
lations were without spin and then later with all
spin angular momentum complications. ' ' More
recent calculations by Giraud et al. , ' have includ-
ed all S and I' pion-nucleon partial waves and realis-
tic deuteron wave functions as well as being fully
relativistic. These calculations also include esti-
mates of vector and tensor polarization observables.
Recently it has been rigorously established that pos-
sible effects of pion absorption ' can be exactly
incorporated into a set of coupled integral equations
in qualitative agreement with the original ansatz of
Afnan and Thomas. For a more detailed review
of each of these stages of development of the theory
and its relevance to the more general question of
pion-nucleus scattering, we refer to the recent re-
view of Thomas and Landau.

These most recent calculations, both with
and without absorption, agree very well with elas-
tic m+d differential cross sections below the reso-
nance. Calculations including absorption describe
the minimum in the 256 MeV angular distribution
better than those without, although calculated cross
sections at back angles are still higher than the
data.

In the past couple of years both vector polariza-
tion (iT&~) and tensor polarization (T20) have
been measured in ~d scattering. The vector polari-
zation at 142 MeV was fit rather well by a three-
body calculation' ' ' while the discrepancy at 256
MeV initially caused a great deal of dibaryonic exci-
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tation. ' "' More recently it has been realized that
very small changes in the two or three dominant
partial wave amplitudes can also explain the data.
The discrepancies among T20 data sets ' and cal-
culations at 142 MeV are large. This is perhaps
due to the manner in which absorption is treat-
ed ' and it may be some time before this is under-
stood. None of these recent developments is includ-
ed in this analysis.

All of the calculations discussed above have as-
sumed nuclear charge symmetry which implies that
the nuclear interaction is invariant under the inver-
sion of the T3 component of the isospin of every
particle in the system. A review of the experimen-
tal and theoretical status of charge dependence in
the nucleon-nucleon system through 1978 is given

by Henley and Miller. ' The classical comparison
of nn and pp interactions is plagued at low energy

by a large Coulomb correction which changes the

pp scattering length in a model dependent way from
—7.82+0.01 to —17.2 fm. (The estimated error of
the corrected value is somewhat controversial, vary-

ing from 0.2 to many femtometers. ) There has
been no direct measurement for the nn system.
Therefore the nn scattering length must be deduced
either from nd scattering or from the m. d~ynn
reaction and this results in large errors
(a„„=—18.4+ 1.2 fm). The nucleon-nucleon asym-

metry parameter,

is equal to —0.05+0.53, where the error in azz is
taken to be +3 fm as given by Henley and Miller. '

This may be compared with the integral of the pion
differential asymmetry parameter A defined above.

Recently there have been calculations ' of the
amount of charge symmetry breaking expected in
the XN interaction due to quark mass differences
and explicitly including the g' meson and magnetic
couplings of the g mesons. Although cancellations
give rise to large uncertainties, significant effects
are predicted for the difference between nn and pp
scattering lengths. The status of experiments and
calculations now in progress on charge symmetry
breaking in the n-p system is discussed in the
proceedings of a Charge Symmetry Breaking
Workshop held in Vancouver in 1981.

Another test of the validity of charge symmetry
is provided by the difference in the binding energies
of mirror nuclei. The simplest and most investigat-
ed pair is H and He. After correction for
Coulomb effects any difference in binding energy
should be due to charge asymmetry between nn and

pp forces. (This neglects three-body forces. ) It is
worth noting that even rather sophisticated three-
body Faddeev ' calculations are in disagreement
with the binding energy of both H and He by
about 1.2 and 0.1 MeV, respectively, and indicate a
possible 1 —15% asymmetry between nn and pp
forces, strongly dependent on the NN potential
used. The difference in binding energies is less
model dependent. The H binding energy is 8.482
MeV while that of 'He is 7.718 MeV. The differ-
ence in binding energies is 0.764 MeV as compared
with 0.68 MeV expected from Coulomb correc-
tions. This asymmetry is further supported by
Griiebler's recent review of low energy charged
particle reaction and polarization data for the three
body system.

In the intermediate energy ~d system, most of the
above problems are smaller. The inversion of the
T3 component of the isospin of the m-+d system
gives the ~ d system and both are experimentally
available. The Coulomb corrections are much
smaller at intermediate energies.

Recently Hollas et al. ~ reported a measurement
of charge symmetry breaking by determining the
asymmetry of the angular distribution about 90' in
the center of mass scattering angle for the deuteron
in the np —+de. reaction at an energy of 795 MeV.
They found no evidence for an asymmetry to the
order of +0.5%%uo. Theoretical estimates of the
asymmetry based mainly on m -g mixing are about
0.1%.

Pedroni et a/. made a direct comparison of n. +-d

total cross sections. They performed a classical
transmission experiment with pions ranging in ener-

gy from 70 to 370 MeV and with statistical accura-
cies of about 2%. They found significant and sys-
tematic differences between m d and m. +d total
cross sections as a function of pion energy. The
difference between these cross sections after
Coulomb and other electromagnetic corrections
should be zero. It was found that, after Coulomb
corrections, the m+d total cross section is larger
than the m d total cross section in the energy re-
gion below the 3-3 resonance (180 MeV). The
difference reached a maximum of 2 —4 mb (out of
175 mb) near 140 MeV. The ndtotal cross sec.-

tion was found to be larger in the region above the--
3-3 resonance and reached a 4—6 mb excess (out of
140 mb) near 250 MeV. Pedroni er al. 2

parametrized residual differences, indicative of
charge asymmetry, in terms of mass and width
differences among the components of the 4 isobar.
These corrections will be discussed in detail in Sec.
IV.
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There have been several measurements of m+d
differential cross sections, ' ' and even a phase
shift analysis of these data, but no accurate ~ d
differential cross section measurements. ' Prior to
the present measurements there was only one experi-
ment which measured (in emulsions, with very
poor statistics) both m. +d and m d differential cross
sections at the same energy. There has since been
one 65 MeV m+-d comparison. The recent tensor
polarization measurements of Holt et a/. have
also given differential cross section values at 180' at
the same energy for both m. +d and m. d scattering.
The present measurements constitute the first good
statistics m d angular distributions and the first ac-
curate comparison of m+d and a d differential
cross sections in this energy region.

The presence of the electromagnetic interaction
introduces several small corrections in the analysis
of the difference between ~+d and ~ d differential
cross sections. The Rutherford elastic scattering
cross sections are the same for both n+d and .~ d.
The Coulomb-nuclear interference terms differ for
~+d and ~ d and depend on the purely hadronic
phase shift 5q and these terms, along with Coulomb
phase terms which enter directly into the scattering
amplitude, produce small differences in m+d and
m d differential cross sections. The method for ex-
tracting these differences is described in general by
Plessas, Streit, and Zingl, and in particular for the
~d system by Thomas. A positive pion entering
the strong field near the deuteron will have a slight-

ly lower energy than a negative pion with the same
free space incident energy. This change in effective
interaction energy also affects the strong interaction
cross sections. Finally, mass and width differences
among the components of the intermediate 6 reso-
nance in the pion-nucleon system can give rise to
small differences between ~+d and m. d scattering
which are explicitly charge asymmetric. Each of
these effects is discussed in detail in Sec. IV.

III. EXPERIMENTAL PROCEDURES

The experiment was performed at the Energetic
Pion Channel and Spectrometer (EPICS) facility of
the Clinton P. Anderson Meson Physics Facility
(LAMPF). The mean incident pion energy was 143
MeV (245 MeV/c). This energy was chosen because
(1) the data of Pedroni et al. indicated a maximal
deviation from charge symmetry at this energy, (2)
the Bussey et al. comparison m--+p data were mea-
sured at approximately 143 MeV, and (3) the
Schweizerisches Institut fiir Nuklearforschung

(SIN) a+d measurements of Gabathuler et al. 7

were made at 143 MeV. The full momentum accep-
tance of the channel (+1%) was used for all m+

and ~ data runs. For the ~+ beam the channel
acceptance in the horizontal scattering plane was re-
duced to minimize count rate effects at forward an-

gles. This reduced acceptance was used for the en-

tire angular range of this experiment to ensure a
consistent set of data. Additional data were also
taken at some of the larger angles with several dif-
ferent horizontal acceptances to verify that the data
were independent of the channel acceptance in the
horizontal scattering plane. %ith an average proton
production beam of 550 pA, the incident m beam
intensity was 2X10 pions/sec while the ~+ beam
intensity was 3)(10 pions/sec with the reduced ac-
ceptance.

The pion flux was monitored with two ion
chambers in the pion beam approximately 0.7 m
behind the scattering target and one in the primary
proton beam just upstream of the pion production
target. A 4.5 cm thick carbon block was placed in
front of the pion beam ion chambers to remove pro-
tons. All flux monitors agreed within +1%. At
the furthest forward angle (21') the ion chambers
interfered with the scattered beam and were moved
to the side. These short runs were taken with only
the primary proton beam current monitor to deter-
mine the pion flux.

An in-beam time-of-flight spectrometer sampled
the incident beam phase space to give the relative
number of pions, muons, and electrons within a 5
nsec beam burst. The system consisted of two fast
Pilot U scintillators separated by 4.5 m and placed
in the direct pion beam after the target and ion
chambers. The scintillators were mounted on RCA
C31024 photomultiplier tubes and fast timing tech-
niques were used to determine the time-of-flight be-
tween the scintillators. The inherent resolution of
the entire system was 190 psec, quite adequate to
give clean separation of m's, p's, and e's within a 5
nsec beam burst. Analysis of the time-of-flight
spectrum provided a monitor of the pion content of
the beam and runs in which the pion fraction dif-
fered from the mean by more than 1 Jo were reject-
ed. Such deviations could be caused by the wander-

ing of the proton beam on the pion production tar-
get. The location of the proton beam on the pro-
duction target was therefore also monitored periodi-
cally. Measurements indicate that a shift of more
than 3 mm produced a 2 —3 Jo change in the pion
fraction of the EPICS beam. Runs in which the po-
sition of the proton beam differed from the mean

by more than 1 mm were rejected.



26 CHARGE SYMMETRY TESTED BY COMPARISON OF m
+ AND m 2095

The only part of this experiment sensitive to
these changes was during the short time required
for a hydrogen normalization for a deuterium mea-
surement at the same angle. Here a change in the
pion fraction could affect the number of incident
pions without significantly changing the ion
chamber reading. The observed long term (several

day) stability of the beam and of the pion fraction
was very good. Typical variations were &0.3 mm
and &0.5%, respectively, and a few runs were re-

jected for variations larger than this.
Very few data points were rejected for any of the

above reasons. One additional data set, at

O~,b
——120', was rejected in spite of agreeing reason-

ably well with the other asymmetry data because
the spectrometer was almost touching the EPICS
area wall, which had not at that time been well

shielded, and background rates were high.
The scattering targets were CD2 (194 mg/cm ),

CH2 (152.7 mg/cm ), and C (131.5 mg/cm ). The
isotopic purity of the deuterium in the CD2 target
was &99go. The thicknesses were determined by
measuring the masses and areas. Micrometer mea-
surements indicated uniformity to within +l%%uo.

The target sizes were approximately 15 cm)&23 cm,
larger than the nominal beam size of 10 cm)&20
cm. The targets were reproducible in position to
within 0.01 cm. The angle of the target with

respect to the incident beam was determined and
reproducible to within +0.05', and was consistently
set at half the scattering angle. The energy loss of a
143 MeV pion normally incident on the CDq target
was about 400 keV. Mean scattering energies are
listed in Table I for each angle.

Data collected with the CD2 target were normal-
ized to data collected immediately thereafter with

the CHz target. Differential pion absorption be-

tween CD2 and CH2 targets could possibly affect
the relative ion chamber readings for the two sets of
data. The total, elastic, inelastic, charge exchange,
radiative absorption, and capture cross section data
of Richard-Serre et a/. ' were used to calculate pion
removal by CD2 and CH2 targets. For the worst-

case (spectrometer at 115, target angle 57.5', m )

the percentages of pion removed from the beam are

0.24 and 0.05%%uo, for the two targets, respectively.

Thus absorption corrections are negligible in this

particular experiment.
Scattered pions were detected with the spectrome-

ter and data acquisition system of the EPICS facili-

ty. Spectrometer delay line drift chamber effi-
ciencies were measured by requiring that the drift
times in each plane (there were 16 planes) be within

a nominal 80 psec. Multiple track events were

eliminated by requiring that the positions deter-

mined in adjacent planes be within 1 rnm of each

TABLE I. Differential cross sections and uncertainties for m —p elastic scattering used in

the present analysis as calculated from the SCATPI (Ref. 63) program. The errors are those

given by the program. Target thickness CH2 ——0.1527 g/cm; stopping power =2.357
MeV g/cm .

~lab

21.4'

28.0'
35.0
43.4
50.0
56.0'
60.0
62.0
70.0'
72.0'
80.0'
90.0'
97.0'

100.0'
111.5'

115.0'
120.0'

10.7'

14.0'

17.5'

21.7'

25.0'
28.0'
30.0'
31.0'
35.0'
36.0'
40.0'
45.0'
48.5'

50.0
55.8'

57.5'

60.0'

1 hE
2 cos0tgt

(MeV)

0.183
0.186
0.189
0.194
0.199
0.204
0.208
0.210
0.220
0.222
0.235
0.254
0.272
0.280
0.320
0.335
0.360

Emean

(MeV)

142.82
142.81
142.81
142.81
142.80
142.80
142.79
142.79
142.78
142.78
142.77
142.75
142.73
142.72
142.68
142.66
142.64

7T P

do. mb

dQ sr

26.297+0.098
23.360+0.081
19.673+0.064
15.370+0.050
12.498+0.045
10.448+0.044
9.402+0.044
8.977+0.043
7.886+0.042
7.754+0.042
7.698+0.039
8.423+0.034
9.247+0.032
9.642+0.031

11.230+0.033
11.701+0.035
12.345+0.038

do. mb

dQ sr

4.814+0.051
3.896+0.038
3.121+0.029
2.372+0.021
1.838+0.017
1.470+0.015
1.271+0.014
1.185+0.013
0.922+0.012
0.875+0.011
0.749+0.010
0.700+0.009
0.712+0.009
0.724+0.009
0.796+0.009
0.821+0.009
0.857+0.009
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other. The system fast trigger was the coincidence
of signals in entrance wire chambers and focal plane
scintillators. All singles rates in all chambers and
scintillators were monitored and a few runs with
anomalous rate ratios were discarded. Computer
live times were as small as 30% at the most forward
scattering angles. They were accurately determined

by reducing the incident pion Aux until a constant
yield was obtained, and data were collected only in
this region of constant yield.

Data for the m
+—

p reaction were obtained at every
scattering angle. These data were normalized to the
differential cross section measurements of Bussey
et al. and to theoretical m+-p cross section calcula-
tions determined with the compter program scATpI
(Ref. 63) from the m~p phase shifts of Carter
et al. (see below) to determine the incident pion
flux and effective solid angle of the spectrometer.

The angular range covered by this experiment
was 22'(O~, b & 120'. The forward angle was limit-
ed by forward scattered protons and the resultant
rates in the first chambers, while the maximum an-

gle was defined by the point at which the spectrom-
eter hit the wall of the experimental area. The an-
gular resolution of the spectrometer system was
0.5, determined by the angular divergence of the in-
cident beam in the scattering plane. Kinematic
shift comparisons of elastic scattering from ' C and
'H showed the absolute scattering angle to be
within 0.1' of the setting determined from the spec-
trometer floor angle. This angular resolution was
particularly important because of the rapid
kinematic variation of the cross sections.

A full kinematic calculation was done for each
event through the spectrometer and missing mass
was histogrammed. The system resolution of 400
keV was dominated by the angular resolution and
straggling in the exit window of the scattering
chamber and the entrance window of the spectrom-
eter.

Software projections were made back to the
scattering target and events outside accepted ranges
were eliminated. Muons scattered from the beam
by the target were not eliminated but are expected
to be few even at the most forward angles and can-
cel in the cross section ratio. Pions decaying in the
5 m between the scattering target and the wire
chambers in front of the spectrometer dipoles were
also not eliminated. For elastic scattering they pro-
vide a small and continuous background which can-
cels out exactly in the m -d cross section ratios. For
muons from pion decay within the dipoles, the an-
gles of the event in the wire chambers were com-
pared with those calculated from the focal plane

wire chamber information. Angles outside a +10
mrad difference were eliminated and said to be
from forward decaying pions.

Data were collected in angular bins correspond-

ing to the 1', 3', and the full angular acceptance of
the spectrometer. We used the 3' angular accep-
tance bins for cross section determinations and the
full acceptance bins for consistency checks.

At each angle, the magnetic fields of the spec-
trometer dipoles were cycled as necessary and set to
the value required to put pions scattered from deu-

terium at the center of the focal plane. A nuclear
magnetic resonance (NMR) Gaussmeter was used to
set the dipole fields. Data were then collected for
both the CD2 and carbon targets for m+ or m

scattering. The fields of all spectrometer elements

were then lowered to the value required to put pions
scattered from hydrogen consistently at the center
of the focal plane to remove any uncertainty in the
spectrometer acceptance. Data were then collected
for both the CH2 and C targets at this fidd setting.
The currents through all elements were then re-

versed and the magnets cycled to minimize hys-
teresis effects. With the aid of the NMR Gauss-
meter, channel, and spectrometer, dipole magnetic
fields were set to within +0.3 G of their previous
magnitudes for m+ scattering. The same data col-
lection procedures were then repeated for m

scattering. Since the channel field was 10.7 kG, a
change of even 1 G, which corresponds to a change
in kinetic energy of 20 keV, changes the mp compar-
ison cross sections by less than 0.05/~ at the small-

est angle measured (worst case) and less than 0.03%
at 90'. These effects and also the effect of the
change in the spectrometer acceptance due to dipole
field variations are thus completely negligible in
this experiment.

The exact reversal of all magnetic fields without
any other experimental configuration changes and
the temporal juxtaposition of ~+ and m data col-
lection reduced many systematic uncertainties and
effects of long term fluctuations. Data collected
with the carbon target enabled background subtrac-
tion for both the CD2 and the CH2 targets. The
resolution of the EPICS spectrometer was particu-
larly useful in making this subtraction reliable.
This procedure also eliminated any interference
from inelastic states in carbon with the tails of the
deuteron elastic peak. Background subtraction was
done both by normalizing charge collected and by
equating areas in the exclusively carbon scattering
regions of the spectra. These methods were con-
sistent. A typical spectrum before and after back-
ground subtraction is shown in Fig. 1.
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FIG. 1. Missing mass spectrum for 143 MeV m+ elas-
tic scattering from deuterium at O~,b

——70'. The top part
of the figure shows raw data taken with the CD2 target
while the lower part shows the data after subtraction of
the carbon background.

The central 3' -angular range in the scattering
plane was used in the data presented in Fig. 1. Peak
areas were obtained by using consistent energy bins
for both m+ and m . Uncertainties include statis-
tics in the resultant peak areas and in the back-
ground used in the subtraction.

The data are normalized with the m+-p differen-
tial cross sections calculated with the SCATPI phase
shift code, based on the m. +-p phase shifts deter-
mined by Carter, Bugg, and Carter. This set of
phase shifts was strongly influenced by the accurate

~p data of Bussey et al. and was determined by
independent fitting of m. +p and m p data, thus ex-

plicitly allowing charge dependent n ~p phase shifts.
These data are also statistically the best m. -+-p cross
section measurements made to date, and conse-
quently strongly influence all ~ +—

p phase shift deter-
minations. The differential cross sections calculat-
ed with SCATPI agree with the Bussey et al. data at
this energy within 2% for m. +p and 2.5%%uo for n. p.

There are many other sets of ~-+p phase shifts
and they vary over a wide range in their predictions
of m. -+p differential cross sections at this energy.
Phase shifts determined from combined m+p and
m p data are not appropriate for the present

analysis as they build in isospin invariance. An ex-
plicit comparison of nJi.-differential cross sections
determined from the charge independent Carnegie-
Mellon University —Lawrence Berkeley Laboratory
(CMU-LBL), Rowe-Salomon-Landau, 6 and
Karlsruhe phase shift solutions with the charge
dependent Virginia Polytechnic Institute (VPI) (Ref.
68) and Carter-Bugg-Carter solutions is given in

Appendix A.
The VPI phase shifts were found from indepen-

dent analysis of m+p and m p data. They differ
significantly from the scATpi analysis in that they
predict cross sections that are several percent lower
at all angles, and the total cross sections predicted
are 3 —4% lower than observed by Pedroni. The
SCATPI total cross section calculations, on the other
hand, are 3 —4% higher than observation.

In view of possible differences, discussed in Ap-
pendix A, between these and future sr+-p phase shift
analyses and data, we have listed in Table I the
cross sections and uncertainties of the m+-p cross
sections used in the present analysis. The m +-p cross
sections listed include Coulomb scattering and these
Coulomb scattering contributions are accurate to
better than 1%. The mean scattering energy is al-
tered slightly by the energy loss of the incident
pions, which changes with the angle of the target in
the pion beam; we have therefore also listed the
mean energy.

Differential cross sections were calculated from
the relationship:

do'

dQ

2
CgNg Jg d 0

—„p(CH2)
CpN& Jz dD &(CD )

p, c.m.dQ

is the c.m. cross section for mp scattering from the
SCATPI phase shift program.

Differential cross sections for both m+d and m d
are shown in Fig. 2 and tabulated in Table II. The
errors include statistics of foreground and back-
ground areas from CD2, CH2, and C targets and the
uncertainty in the m

+—
p differential cross sections as

(3.l)
where C is the integrated number of counts ob-
served, J is the Jacobian for the laboratory to c.m.
transformation, the subscripts p and d refer to pro-
ton and deuterium scattering, respectively, E is the
normalization factor which is dependent on the in-

tegrated flux in the beam monitor, wire chamber ef-
ficiency and computer live time, p is the target
thickness, and
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FIG. 2. Differential cross sections for m—+d elastic
scattering. The solid points are our results. In the upper
part of the figure, the m+ data of Gabathuler et al. (Ref.
7) (open circles), the 180' data point of Holt et al. (Ref.
37), and the 0' data point from the total cross section
data of Pedroni et al. (Ref. 2) are also presented. The
curve is a three-body calculation of Giraud et al. (Ref.
8). The lower part of the figure shows our ~ d differen-
tial cross sections as well as the 180' point from Holt et
al. and the 0' point from Pedroni et al.

given by the SGATPI program. The use of a dif-
ferent set of m

+—

p phases could alter the absolute
value of the differential cross sections by several
percent. %e have used this set in order to compare
with the data of Gabathuler et al. which are based
on the same m. +p phase shifts. Also shown in Fig.
2 are the m+d differential cross section data mea-
sured by Gabathuler et al. at 143 MeV, and the
agreement with our data is very good. The 0' points
shown are from the total cross section measure-
ments of Pedroni et al. and the 180' points are
from the tensor polarization measurements of Holt

et al. Also shown in Fig. 2 is the three-body md

calculation of Giraud et al. which is fully relativis-

tic and includes all pion-nucleon S and P wave am-

plitudes. The agreement with our data is excellent.
The ratio of the difference between m d and

~+i cross sections to the sum [Eq. (1.1)] is the

parameter used to describe deviations from charge
symmetry. The ratio measurement is much more
precise than the differential cross section measure-

ments themselves as many uncertainties cancel. In
particular, uncertainties due to target thickness,

pion decay, dead time corrections, and count rate
effects are essentially eliminated in the ratio mea-

surement.
The asymmetry data are shown in Fig. 3. No

corrections, Coulomb or otherwise, are included in

this figure. The errors shown include both statistics
and the tabulated (Table I) uncertainties in the m+p

cross sections. All asymmetry ratios are the result

of correlated data sets in which m. + and m data
were collected immediately after one another to
reduce any systematic effects which might vary
slowly with time. Measurements repeated at the
same angle at a later time are represented as
separate data points. Except for one point at 108'

where the initial measurements had poor statistics
and large error bars, the repeatability was excellent.
The sharp increase at forward angles is expected
from Coulomb effects which will enhance the n d
yield relative to the ~+d yield at small angles.
Back angle data are close to zero except for a possi-

ble bump near 100'. This indicates conservation of
charge symmetry to zeroth order before considera-

tion of known corrections.
The curves shown in Fig. 3 represent three body

calculations of the A asymmetry ratio for various

sets of m.d phase shifts. Coulomb and Coulomb-

nuclear interference contributions have been includ-

ed in the calculation. The solid line includes all S-
and P-wave pion nucleon amplitudes, 4% D state in

the deuteron, no absorption, and is fully relativistic.
It is the basis for corrections discussed later in this

paper. The effect on the asymmetry of the in-

clusion of more deuteron D state or true pion ab-

sorption is seen to be small. The dashed-dotted-

dashed curve is the same as the solid one except for
a 6.7% deuteron D state while the dashed-dotted-

dotted-dashed curve includes pion absorption.
These m.d phases are from Rinat et al. ' The dotted
curve is from the phase shifts of Blankleider and
Afnan and the dashed curve treats the interaction
as entirely due to the P33 mN amplitude. All calcu-
lations shown here explicitly assume charge symme-

try.
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TABLE II. Measured m —+d differential cross sections and asymmetry ratios for m. +—d elastic
scattering at 143 MeV.

(deg)

do. /dQ (mb/sr)' a.b

o (0)—o. (8 )

o (L9)+o+(6 )

24.4
31.8

22.68+ 1.00
16.16+0.55

25.00+0.60
17.36+0.34

0.048+0.030
0.036+0.022

49.1
6.78+0.25
7.12+0.24

7.08+0.22
7.24+0.22

0.022+0.013
0.009+0.013

56.2
62.6

4.60+0.08
2.98+0.05

4.70+0.15
3.10+0.08

0.011+0.014
0.021+0.011

69.0 2.19+0.04
2.16+0.04

2.23+0.06
0.008+0.011
0.015+0.011

77.4
1.50+0.03
1.43+0.03

1.51+0.04
1.49+0.04

0.003+0.008
0.020+0.008

87.7 1.16+0.03 1.23+0.03 0.029+0.012

97.8
1.11+0.03
1.18+0.02

1.16+0.03
1.25+0.03

0.021+0.018
0.027+0.012

104.6 1.23+0.03 1.33+0.03 0.036+0.012

107.6
1.16+0.04
1.24+0.02

1.30+0.05
1.26+0.02

0.056+0.021
0.007+0.012

118.6
121.9

1.31+0.03
1.42+0.03

1.31+0.03
1.44+0.05

0.003+0.014
0.007+0.020

'Differential cross section errors include all statistical errors in md and mp measurements as
well as mp systematic errors as calculated by the SCATPI phase shift program. The second set
of values indicated for cross sections and asymmetry at 77.4', 97.8', 107.6', and (only value) at
121.9' are from measurements made at several different times up to 1 year after the original
measurements.
Asymmetry ratio errors include ~d statistical errors, mp systematic errors, and extremal errors

from the ratio of mp yield to o.
~ (SCATPI) fit over all angles. No radiative corrections are in-

cluded in this table.

There can be a systematic error associated with
the use of different m-+p phase shifts. The only oth-
er sets of ~ +—

p phases which do not explicitly as-
sume isospin invariance are the VPI A 1 (~+p) and
Bl (m. p) solutions. ' All of our A asymmetry ra-
tio data have been recalculated using these phases
and the results are compared with A data based on
the Carter, Bugg, and Carter phases in Fig. 4.
The A values are systematically lower but always
within approximately 0.01 of the original data.
Thus referenced to a median value there is a +0.005

systematic uncertainty in the ratio data associated
with the use of different ~-+p phase shifts.

IV. CORRECTIONS AND DISCUSSION

In this section electromagnetic corrections affect-
ing experimental data and the theoretical calcula-
tions of differences between m+d and m d elastic
scattering are discussed.

The only electromagnetic correction applied to
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the experimental data is the radiative correction
caused by photons emitted during pion scattering.
Electromagnetic processes affecting theoretical cal-
culations include Coulomb-nuclear interference in
scattering amplitudes, and the effective interaction
energies for m+0 and m d scattering at the surface
of the deuteron due to the respective repulsive and
attractive Coulomb fields. Finally, the effect of
mass differences among the components of the in-
termediate 6 isobar is calculated.

—0.04
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FIG. 3. The A asymmetry data represent the differ-
ence between m d and m. +d elastic scattering differential
cross sections divided by the sum. Data points indicated
by triangles depict measurements made at a later time.
No corrections for radiative or Coulomb effects have
been included. Theoretical curves represent three-body
calculations of the asymmetry for various sets of md

phase shifts after subtraction of Coulomb and Coulomb-
nuclear interference contributions to the cross sections.
The solid line includes all S and P wave mN amplitudes,
4% D state in the deuteron, no absorption, and is rela-
tivistic. It is the basis of corrections discussed later in
this paper. The dashed-dotted-dashed curve is the same
except for a 6.7% deuteron D state while the dashed-
dotted-dotted-dashed curve includes pion absorption.
These phase shifts are from Rinat et al. (Ref. 12). The
dashed curve includes only the P33 mN amplitude while
the dotted curve is from the phase shifts of Blankleider
and Afnan (Ref. 34). All calculations assume charge
symmetry.

A. Radiative corrections

Bremsstrahlung radiation causes a low energy tail
on peaks and results in loss of counts from the in-
tegrated total number of scattered pions for a given
energy acceptance. Radiative corrections to the dif-
ferential cross sections were calculated from the re-
lationships given by Boric. The effects differ for
m. + and ~ scattering and for scattering from deu-
terium and hydrogen. The values of the corrections
to the differential cross sections and to the 2 ratio
are listed in Table III. The m. +d radiative correc-
tion calculations used an experimental peak integra-
tion which extended 1.7 MeV beyond the central en-

ergy while the m. -+p scattering correction calculation
used 2.5 MeV. The largest effect is at the largest
angle where the asymmetry, A, is decreased by ap-
proximately 0.007. The error in these corrections
due to approximations made in the formulae used in
the calculations is less than 10% of the corrections.
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FIG. 4. Effect of different n. —+p phase shifts on aver-
aged asymmetry data points. The use of the VPI charge
dependent phase shifts (Ref. 68) (open circles) instead of
the Carter, Bugg, and Carter (Ref. 64) (solid circles) ones
would cause an average downward shift in the asym-
metry data of 0.009.

B. Coulomb corrections to m
—+d scattering

A great deal of effort has gone into the formal
solution of the three-body problem including the
Coulomb potential. In the classic three-body sys-
tem with two charged particles, namely the pd sys-
tem, the numerical results are still somewhat con-
troversial. " Nevertheless, it does seem that even
as low as 10 MeV the Coulomb modification to the
strong phase shift is rather small. We have
chosen to treat the Coulomb corrections to the m

+—d
system perturbatively for two reasons. First, the ex-
act numerical solution of this three-body problem
including a Coulomb potential does not seem possi-
ble at the present time. Second, because we are
dealing with Z=l and rather high energy, one
would a priori expect such a treatment to be a good
approximation.

From the theory of two-potential scattering we
know that the differential cross section (for a spin-
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TABLE III. Radiative corrections to m
+—d and m

+—
p differential cross sections and asym-

metry ratios. The corrections were calculated from equations given by Boric (Ref. 69) and are

accurate to better than 10/o. Errors in cross sections and in A are tabulated in Table II.
These corrections are to be added to the data in Table II.

Olab

(deg)

21.4
28.0
43.5
50.0
56.0
62.0
70.0
80.0
90.0
97.0

100.0
111.5
115.0

0.003
0.007
0.013
0.018
0.020
0.022
0.026
0.031
0.034
0.036
0.038
0.041
0.042

0.003
0.007
0.013
0.018
0.021
0.023
0.028
0.033
0.037
0.039
0.041
0.045
0.047

Radiative corrections
(mb/sr)

r+d

0.003
0.005
0.010
0.013
0.015
0.016
0.019
0.020
0.023
0.024
0.025
0.026
0.027

0.002
0.004
0.008
0.010
0.011
0.012
0.013
0.015
0.016
0.016
0.016
0.017
0.017

0.000
—0.001
—0.001
—0.002
—0.002
—0.003
—0.003
—0.004
—0.005
—0.005
—0.006
—0.006
—0.007

less target) is given by the scattering amplitude

f(8)=fc(8)+f~(8),
where

(4.1)

c(8)=
2k sin (8/2)

Xexp[ i' ln(s—in (8/2))+in ] (4.2)

and

f~(8 ) = g (21 + 1)e
I

i5I .
e sin 5I

X Pi(cos8) . (4.3)

The Coulomb parameter ri =Ze /hu (for the pion
the relative velocity u is calculated relativistically)
and the Coulomb phases o~ are defined by

o(=argI (i+1+i') . (4.4)

Note that the strong amplitude fN explicitly in-

volves the Coulomb phases O.I.
The differential scattering cross sections calculat-

ed with Eq. (4.1) will have terms arising from the
strong amplitude f~, the Coulomb amplitude fc,
and a Coulomb-nuclear interference term involving
both fc and f~ The purely Co.ulomb contribution
to the cross section is the same for both m. +d and

d and is easily eliminated. The interference term
is slightly dependent on the particular set of three-

body ndpha. se shifts. These differences were
presented in our original analysis' for several sets of

dphase .shifts ranging from a P33 scattering only
to a fully relativistic set including all S and I' wave
pion-nucleon amplitudes as well as absorption.
Here we will extract the purely nuclear part of the
Coulomb modified strong amplitude.

The phase shifts, 5~, appearing in the Coulomb
modified strong amplitude fz [Eq. (4.3)] can be
written

gN+g f—s gC —W (4.5)

Here 5I is the strong phase shift obtained without

any Coulomb effects at all, and 5f ' is the correc-
tion to the point Coulomb phase shift o.I because of
the charge distribution of the target. To lowest or-

der in a we can multiply fc(8) by the deuteron

form factor [Fd(q/2)] and set 5&f
' equal to zero;

this is done here. Finally, 5I is the correction to
the strong phase shift 5~ arising from the quantum
mechanical interference between the Coulomb and

nuclear potentials. The only way to determine
51c-N exactly is to solve the full problem. Howev

er, a number of approximation techniques have been

suggested.
In the first analysis' of the 143 MeV m+—d data

the phase 5~ was set equal to zero, and only the
model independent Coulomb effects were included.

The generalization to scattering from a spin-one

target was achieved following Ref. 9. The strong

phase shifts 5IJ were taken from a recent three-body

calculation by Rinat et al. ' and the off-diagonal
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amplitudes fI I (I'+l) were omitted. (The latter
approximation has been proven to be excellent for
differential cross sections. '

) In this work we also
use the m.d amplitudes of Blankleider and Afnan,
in order to test the model dependence of the
analysis. However, the most significant change in
this work is our inclusion of 5I

%e have chosen to estimate 6I by the simple
and intuitively reasonable approximation of evaluat-

ing the m. + and m. phases at an energy below and
above the incident energy by the Coulomb energy at
the surface of the deuteron, namely 0.7S MeV at
1.92 fm. (A similar estimate was made by Myhrer
and Pilkuhn in their study of the m-+d total cross
section difference. ) Although there are more so-
phisticated schemes they should not differ signifi-

cantly for the ~-d system. For example, Germond
and Wilkin suggest using

5 EI —Vg

1l+ —,

k

on the basis of an eikonal model. This is in essen-
tial agreement with our simple prescription because
our major correction comes in the p wave and is of
the order 1 —1.5 /o,' even less correction comes in
more peripheral waves. Finally, the change in the
m.d amplitude when the energy was changed by
+0.75 MeV was calculated by assuming a Breit-
Wigner shape for each md partial wave amplitude.

The change in the elastic scattering matrix ele-
ment r~(E) is given by (see Appendix B)

(3+a'k') ~k&E~ I'
g&,(E)=, r, (E)+ . . . 1+i, rr(E) rI(E),I,I r'„ (4.6)

where

cok=(k +rn„)'~
a=1.lS fm, I' and I,I are the total and elastic
widths, and 5EI is the small shift in the effective in-

teraction energy in channel /. These small changes
in the ~d matrix elements were then used to gen-
erate a new set of m. -+d differential cross sections.
The effect of a constant shift 6EI ——+0.75 MeV for
~ —+d on the calculated asymmetry is shown as the
dashed line in Fig. 6. (See below. ) The asymmetry
is shifted upwards at all angles as expected for an
incident pion energy less than the 3-3 resonance en-

ergy of 180 MeV. The shift is approximately 0.015
at small angles and increases to 0.02 at 120'.

C. Effect of charge symmetry
violation on ~d scattering

In this section we consider the charge symmetry
violating contributions expected from m. +—scattering
from a spin 1 deuteron due to mass and width
differences among the components of the 6 isobar.
The rotation of the isospin vector about the y axis
should not change masses of particles correspond-
ing to the T3 projection of the isospin. That this
charge symmetry does not hold exactly is seen from
the mass difference m„—mz

——1.3 MeV, which is in
the opposite direction to that expected from
Coulomb effects and implies different masses for u

and d quarks. Similar effects are to be expected for

the four-component 6 isobar system, and this ex-
periment provides a direct indication of their mag-
nitude.

In the impulse approximation the scattering am-
plitude of a pion from a deuteron can be written as

f d(&)=[f p(&)+f, (&)]+d(&), (4.7)

where I'q is the deuteron form factor. The pion nu-
cleon scattering amplitudes f ~ can be expressed in

3 1

terms of charge symmetric isospin —, and —, ampli-
tudes plus a charge symmetry violating term e:

~ s': f +, =f3n+&+i+

1~+n: f + ———,(f3gz+2f&n+~+

(4.8a)

(4.8b)

1
'ir P: f ~= 3(f3i2+2f&n+& -—+)

vr n: f =f3~2+a

(4.8c)

(4.8d)

The charge symmetry violating terms e++, e+
e +, and e are related to the 6++, 6+, 6, and

components of the 6 isobar, respectively.
The isospin amplitudes can be written for both

spin-flip (F) and non-spin-flip (NF) amplitudes, and
their sum is incoherent. If we restrict ourselves to S
and I' wave scattering, then these amplitudes can in
turn be expressed in terms of partial wave scatter-
ing amplitudes aL

2T,2J
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1
fNF( 2

)= [as„+(2ap +ap, )cos8],

fp( —, ) =
k

[(ap„ap—, ) sin8e'&],3 1

fNF( —, ) =
k [aq, + (2ap +ap, ) cosg],

(4.9a)

(4.9b)

from 0% to 4%.
Including charge symmetry violating terms, the

difference 50. between m d and m +d elastic
scattering is given by

~a=
I,f3/2+e + , (f3—/2+2f)/2+e +) ~

'
—

l f3/~+&+++ 3 (f3/2+2f1/2+e+ )~ '—
=

3 «[(f3/2+ —,f3/2}

1

fp( —, ) =
k

[(ap„—ap„)single'~],

(4.9c)

(4.9d)

1

X te —e+ + —,(e —e+ )]]
(4.14)

where k is the c.m. momentum. Each complex par-
tial wave scattering amplitude ai is determined

2T,2J

from

i5

a~ ——sin5L e
2T 2J 2T 2J

(4.10)

(4.11)

The cross section for unpolarized ~d scattering is
thus

where 51 is the Lth partial wave mX phase shift
2T,2J

for isospin T and total angular momentum J.
Neglecting charge symmetry violating terms, the

amplitude for md scattering is given by
1.

f~d f3/2+ 3 (f——3/2+2f ~/2) .

2 cos8
X (4.15a)

8 oir
fBw(& ~)=-

( w„'—w') —iw„r„
sin0

X (4.15b)

including terms to first order in e.
The charge symmetry violating amplitudes may

be estimated in terms of mass and width differences
among the components of the b, by assuming a n'N

L =1 resonance with a Breit-Wigner (BW}form

~o rei
faw(i, NF) =

(Wo; —W ) iwo—;I
„

avrd 9 I I f3/2 I

'+ —. If1/21'

+Re(f3/2 f1/2) I

where

If3/31'= If»(2 }I'+ 3 Ifp( —, ) I'

If~/3 I'= IfNF(2 ) I'+
3 Ifp( 2 }I'

f3/2 f1/2 fNF( —,}fNF( —,}

+ —'
, fp( —, )fp( —,

'
) .

(4.12)

(4.13a)

(4.13b)

(4.13c)

where Wo; is the mass of bq, W'is the total energy,
and I „and I „-are the elastic and total widths,
respectively. We can express Wo (I ) in terms of an
average b, mass (width) and an isospin dependent

correction, Wo;= Wo+5W~ and I =r +o5r' ~ The
isospin violating amplitude e is then given by the
difference

fBw( Wo ro. ) —fBw( Wo ro} .

Expansion to first order (see Appendix 8) in 5W
and 5I gives

. 5W
~fo =fo, +&fo, +2iI, ' I, I,

The factor of —, in front of the spin-Aip terms ac-
counts for the spin-flip transitions allowed for an S
state deuteron of spin 1. Transitions possible to
that component of the deuteron in a D state have
not been incorporated in this approximation. Their
effect should be very small since our calculations
show that the ratio of spin-flip to non-spin-Aip con-
tributions to the ~d cross section does not change
on increasing the component of the deuteron D state

(4.16}

where

8'Ort
fo, =

3(Wo —W ) iWor, — (4.17)

The isospin dependent difference can then (see
Appendix B) be expressed as
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1

e —E++ +7(e + —E~ )

(Crt+fot(Crt 2C—w)) (4.1")

1+ko; aI., =r„ 2 2ko; 1+k a
(4.20)

and is multiplied by (2cos8/k) or ( —sin8/k), for
the spin-flip and non-spin-flip terms, respectively,
and where, following Pedroni et al. ,

1Cw=W —W~++ —,(II/ + —W+ )

(4.19a)

and the mean isospin averaged width thus deter-

mined is I o——101.6 MeV, a =1.15 fm, and from
(4.19b), Cr ——1.67 MeV. The cross section differ-

ence is therefore

«[(f3/2+ nfl/2)fo,
t

& I Cr, +fo, ('Cr, —2Cw) I ]

Cr ——I —I +++—[I + —I'+ ] . (4.19b)

The masses determined by Myhrer and Pilkuhn
yield C~ ——5.5 MeV. Those determined experimen-

tally by Pedroni et al. give 4.6+0.2 MeV while a
quark model calculation by Rubenstein gives 4.3
MeV, and an MIT bag model calculation of Bicker-
staff and Thomas gives 4.47 MeV. The difference
between neutron and proton masses is explicitly in-

cluded by writing

Cw ——Cw ——,(m„—mq ),eff

2 cosI9

k

or

—SII10

k

12

and is again multiplied by

(4.21)

reducing the value of C~ by about 0.86 MeV. This
constant difference has been incorporated into all
our calculations and we will quote values for C~,
not C~, in order to facilitate comparison with other
results. The widths are energy dependent,

for non-spin-flip and spin flip terms, respectively.
The magnitude of this effect can be seen to first or-

der by assuming that only the P33 amplitude enters

Eq. (4.21). In this approximation (f3/3+ ,f~/&)—
reduces to ap, which is the same as fo and33'

ho 3 1

4 I t t t
—Re[Cr +fo (iC„—2Cw)]

3 1=4r (Cr (1—Imfo ) —2Cw «fo ) .
f

(4.22)

This expression is angle independent and its value at T =143 MeV is equivalent to a shift in the symmetry
lab

ratio of —0.02 for Cw ——4.35 MeV. The first term in expression (4.22) is also small (10%%uo) compared to the
second and thus the amount of the shift observed in our experimental data can be used to estimate the magni-

tude of the differences C~ among the 4 masses.
The full expression (4.21) is angle dependent due to the presence of other partial waves. Including both

non-spin-flip and spin flip terms and incorporating a factor of —, for the spin of the deuteron we obtain:

r

«[(f3/2(NF)+ —,fi/~(NF))~] + 3 [(f3/2(+)+ fl/2(F»~]8 1 2cosg & e 1 g ~ ( —slnO)

3I, k
(4.23)

~ =fo, [Cr, +fo, (&Cr, —2Cw)l .

Evaluation in terms of pion-nucleon amplitudes gives
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bo = Re [(4aJ* +2ap +2aJ" +az ) cos 8
3I k2 33 31 13 11

t

+ (2as„+as„)cos8+ —,(2ap„—2aJ*„+ai,—ai*„)sin 8] (4.24)

scattering angle. The difference is always negative
but somewhat smaller at small angles than the
—0.02 expected from a pure 3-3 scattering and
somewhat larger at'back angles.

In Fig. 6 the A data, after radiative corrections,
are compared to md three-body calculations includ-

ing Coulomb-nuclear interference, effective interac-
tion energies (the effect of the Coulomb interaction
on the strong phases), and a charge symmetry
breaking parameter C~ associated with mass differ-
ences among the components of the 6 resonance.

The dashed line in Fig. 6 indicates our calcula-
tion with the charge symmetry breaking parameter
C~ set to zero. It is obviously in disagreement with
our data and clearly shows that charge symmetry is
broken in the ~d elastic scattering at 143 MeV.
This result is to be compared with our original
Letter' in which no Coulomb energy shift or charge
symmetry corrections were included. Theoretical
calculations without these Coulomb corrections
were in reasonable agreement with our data. The
extraction of the pure nuclear amplitude from the
Coulomb-modified strong amplitude left us with a
result that is incompatible with charge symmetry.

Finally, the cross section difference given above
is in the pion-nucleon center-of-mass system. An
angle tranformation is needed to transform to the
md center-of-mass system. The angle transforma-
tion applies both to the cross section difference
(4.24) and the cross section (4.12) itself and is given

by

(a +P )cos8 d
—2aP

cosOnN
a +P —2aP cos8~d

(4.25)

where

a =(m +co/2)/(m +co),

P =~/(2(m +~ )),
and

co=(k +m )'

The calculated differences b,cr/2o were calculat-
ed with the charge independent m.N phase shifts of
Rowe et al. Note that charge independent phase
shifts are required to calculate this correction
whereas charge dependent phase shifts were re-

quired for the data analysis. The mÃ c.m. energy
used was 115 MeV. The differences b,cr/2o. are
plotted in Fig. 5 as a function of the hard c.m. O, IO
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FIG. 5. Charge symmetry violating effects in nd
scattering parametrized in terms of mass differences

among the components of the delta isobar. The differ-

ence ho from Eq. (4.23) divided by 2o. is plotted versus

c.m. scattering angle. The C~ parameter is 4.35 MeV.
The difference is always negative but somewhat smaller

at forward angles than the constant —0.02 expected from
a pure 3-3 scattering and somewhat larger at back angles.

FIG. 6. The A data, corrected for radiative effects,
are plotted versus c.m. scattering angle. The dashed

curve corresponds to no charge symmetry breaking and is

incompatible with our data. The solid line corresponds to

C~ ——4.35 MeV and the dotted-dashed line to C~ ——3.6
MeV (see text). All curves include the neutron proton
mass difference.

CHARGE SYMMETRY TESTED BY COMPARISON OF m
+ AND m
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The inclusion of a charge symmetry breaking term
Cz is required for agreement between data and cal-
culations.

Theoretical curves through the data are shown
corresponding to C~ ——4.35 MeV (solid line) and
3.6 MeV (dotted-dashed line). The solid curve was
obtained by ignoring the bump in the data near
100', which cannot be reproduced by present md

theories, and determining that value of C~ which
best fits the data below 90' and above 110'. The
value of C~ obtained by a P fit is 4.35+0.50 MeV,
and is not a legitimate representation of all our data
but it prevents undue weighting by an angular re-
gion in which the differential cross section is a
minimum ( —l mb/sr). The principal effect of
varying the C~ parameter is to shift the curve up or
down without a significant change in shape. Conse-
quently it is not possible, with only one free param-
eter describing charge symmetry breaking in terms
of mass (and width) differences among the com-
ponents of the delta, to describe structure which de-
viates from this curve. Any such deviation, if it is
statistically significant, must reflect some additional
charge symmetry violating feature of the m +-d in-
teractions, perhaps occurring in a higher partial
wave. We feel that C~=4.35+0.50 MeV best de-
scribes the overall envelope of data measured in this
study.

A possibly more legitimate estimate of C~ may
be obtained by finding that value of C~ which min-
imizes the X of all the measured data including the
bump near 100'. This somewhat overestimates the
data at forward and back angles, while underes-
timating the region near 100, as is shown in the
dotted-dashed line in Fig. 6. A value of 3.6+0.6
MeV is obtained for the charge symmetry breaking
parameter C~ in this manner, and the 7 of the fit
is naturally larger.

The values of X /N obtained in each case are 0.4
and 0.8, respectively. The fact that the P /N values

are less than 1 reflects the errors in the theoretical
m. —+p cross sections. These were taken from the
scATpI (Ref. 63) computer program and reflect an
absolute error at each angle, whereas the relative er-
ror between adjacent angles is considerably less.

Two new theoretical corrections have been
presented here, corresponding to charge symmetry
breaking due to mass differences among the com-
ponents of the delta and to the effect of the
Coulomb interaction on the strong md phases,
evaluated in terms of a difference in effective nu-
clear interaction energies. These two effects are ap-
proximately equal in magnitude and opposite in

sign, bringing the final calculation close to the re-
sult presented in our initial Letter. ' The sign of the
term involving the Cs parameter [Eq. (4.22) or
(4.23)] changes as the energy is increased above the
3-3 resonance. Thus our experimental data at 256
MeV, presently being analyzed, will provide a check
on the parametrization of the charge symmetry
breaking part of this interaction in terms of C~.

V. CONCLUSIONS

Our measurements of differential cross sections
for ~ —+d elastic scattering have tested charge sym-
metry in the region below the 3-3 resonance. Care
was taken in our experimental procedures to ensure
an accurate measurement of the difference between
m. +d and m d differential cross sections. We have
also obtained the first accurate ~ d differential
cross sections in this energy region.

The experimental analysis included corrections
for radiative effects. Absolute normalizations were
based on the charge dependent ~-+d phase shift
analysis of Carter, Bugg, and Carter. We have
also estimated systematic differences which could
arise from the use of the VPI charge dependent
m-+d phase shift analysis.

Theoretical analysis was based on three-body cal-
culations of the md interaction. Within this frame-
work we have made corrections for Coulomb
scattering, Coulomb-nuclear interference, and
Coulomb effects on the strong phase shifts.

Our data show a definite violation of charge sym-
metry. Even the extreme values of our data permit-
ted by the error analysis are not compatible with
charge symmetry. The use of the VPI m -+p phases
instead of those of Carter, Bugg, and Carter
would make the charge symmetry violation even
larger, increasing the value of C~ by 1.4 MeV.

The observed violation of charge symmetry has
been parametrized in terms of mass and width
differences among the components of the 6 isobar.
The major sensitivity is to the mass difference
parameter C~. This parametrization gives a good
description of the data except in the region of
minimum cross section near 100', with a best fit
value of C~ ——4.35+0.50 MeV. We consider this to
be the best estimate of C~ within the context of the
present theory.

The bump seen in the data near 100' is statistical-
ly significant but not describable in terms of mass
and width parameters of the 5 isobar. The rapid
angular change suggests the presence of higher par-
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tial waves. Taking a best fitted mean value which

slightly underestimates the data in the 100' region
and slightly overestimates it everywhere else would
lower the value of C~ by 0.75 MeV. A better
understanding of any such effects, which fall out-
side of present theoretical considerations, can best
be obtained by repeating this experiment at 180
MeV. At this energy (the center of the 3-3 reso-
nance) the coefficient of the C~ parameter [Eq.
(4.22)] is zero and isolation of other effects becomes
possible.

The value of Cs. obtained by Pedroni et al. in

their analysis of the energy dependence of the ~+-d

total cross section data was 4.6+0.2 MeV, where
their quoted error is purely statistical. Their mea-
surements were absolute and consequently indepen-
dent of ambiguities in m-p phase shift analyses.
Our data and theirs are in good agreement. Our
data are also in agreement with the MIT bag model
calculations of Bickerstaff and Thomas who ob-
tain C~ ——4.47 MeV.

Our results may be compared to the unsuccessful
searches for charge symmetry violation, at higher
total energy, in the m producing reactions
d+d~ He+sr and n +p~d +m. . (See, howev-

er, Ref. 2 regarding hindrance factors in these cross
sections. )

An additional check on the magnitude of the
charge symmetry breaking is underway at 256 MeV
where the sign of the coefficient of the C~ parame-
ter is opposite that at 143 MeV. At even higher en-

ergies the magnitude of the effect should decrease.
Another measurement in the energy region near 100
MeV would help greatly in providing a consistent
description of charge symmetry breaking effects
parametrizable in terms of mass differences among
the components of the delta isobar. Finally, charge
symmetry violating effects which are largely in-

dependent of b. mass differences can best be exam-
ined by a careful comparison of m. -d differential
cross sections at 180 MeV.
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FIG. 7. Comparison of m—+p cross sections calculated

by various phase shift programs. All ratios are calculat-
ed relative to the SCATPI code which is indicated by the
straight line at 1.0 for both ~ —+p and is based on the Car-
ter, Bugg, and Carter phase shifts (Ref. 64). Relative
values are shown for Karlsruhe (Ref. 67), VPI (Ref. 68),
CMU-LBL (Ref. 65), and Rowe-Salomon-Landau (Ref.
66) phase shifts. The m. + comparisons are shown as solid

lines while ~ comparisons are shown as dashed lines.
Absolute magnitudes of the predicted cross sections are
seen to vary from + 5 to —9%%uo over the angular region

of interest. The SCATPI and VPI A 1 (for m. +) and VPI
81 (for m ) calculations are the only ones which do not

explicitly assume charge independence.

The absolute values of the m -+d cross sections list-
ed in Table II are directly dependent on the set of
m+-p phases used. We have used the charge depen-
dent m. +-p phases of Carter, Bugg, and Carter. In
order to evaluate the effmt of other sets of m ~p

phases, we have calculated and plotted in Fig. 7 the
ratio of differential cross sections calculated from
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these phase shifts and cross sections calculated from
Karlsruhe, CMU-LBL 6s VPI, and Rowe, Salo-
mon, and Landau phase shifts. The differences
range from —9% to + 5%, and the uncertainty in
the absolute values of the ~d differential cross sec-
tions is linearly dependent on this difference. The
systematic uncertainty in the asymmetry data de-

pends only on the relative difference between m +@

and n p cross sections (see text). Of these other
sets of m ~p phase shifts, only the VPI phase shifts
(VPI A 1 for rr+p, VPI 8 I for m. p) do not explicit-
ly assume isospin invariance and consequently this
is the only other set of ~-+p phases which could be
used in our analysis.

APPENDIX B

where

cok=(k +m )'

k is the c.m. momentum, a =1.15 fm, and 5EI is
the small shift in the effective interaction energy in

channel l. This Coulomb energy shift is evaluated

at a rrN c.m. energy of 115 MeV to correspond to
md scattering at 143 MeV in the laboratory.

The scattering amplitude describing a resonance
in the complex s plane has the form

8'0;I„.
fo=

(Wp; —W ) i W—p;I'„
(84)

where 8' is the total energy in the mX system, 8'0;
is the mass of the pion-nucleon ith 5 isobar, and I„.
and I"„aretheir total and elastic widths. For the

P33 resonance we can replace the elastic width by
the total width by noting that

i5I(E)
r~(E) =e sin5~(E)

II',)

2(Eg E) i I'— — (81)

The matrix element ri(E) for md elastic scattering
has the form

&++ —— t++=r
1=—I~+-,-+ 3 t+-, -+ ~

and considering the amplitude difference

fo fo++-+-(fo +—fo+ )-~3—~-

(85)

if we assume a Breit-Wigner shape, where I and I,~

are the total and elastic widths, respectively, ER is
the resonance energy, and l refers to the lth partial
wave. The width I is also energy dependent:

1+k a
I (k)=I p

k 1+0

Using Taylor's theorem to expand in E, we obtain

Expanding (84) in terms of the average delta mass
8'0 and a mean total width I t we obtain

5I „5W„
fo;=fo 1+ '+

t 0

5Wp; 5Wp; 5I
„

fo 2 —i i- —
r, w, r,

(86)

hr((E) = I (3+0 k ) rok5EI

I,') ri(E)+ (1+ak) k

where

fo = WpI /( Wp —W —l WoI' )'
I I

X 1+i I r(E) r(E),I,)

(83) Neglecting terms in 68 p /8 p since 8'0 is an order
of magnitude larger than I „weobtain

fo -f0+++-'(f-o--+-fo+-) = r' [5r---5r..+-,'(5r-. -5r.-)
t

fpI2(5W —5W—+++ z (5W + —5W+ ))

—i(5r —5I „+-,'(5r, —5r, ))I]. (87)
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Defining after Pedroni et al.
1

Cw ——W —W+++ —,(W + —W+ )

=5W —5W+++ —,(5W + —5W+ )

we obtain

fo -fo-+—++ , (fo -+ fo+—)

1Cr=I t ———It+++ 3(It —+ —It+ —)

1e+++ 3 ~e —+ e+ —~

[Cr —fo(2Cw —tCr)] .I, (810)
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