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Angular distributions of charge asymmetry A (T,O), have been measured for n.d elastic scatter-
ing. Data were obtained in the backward hemisphere for pion bombarding energies of 143, 180,
220, and 256 MeV. The results are compared with predictions employing di8'erent mass and width

parameters for the delta isobars.

I. INTRODUCTION

An increasing number of experimental and theoretical
efforts in the last few years have focused on hard elastic
scattering. Valuable new information on this fundamen-
tal reaction has recently been obtained by measurements
of the vector analyzing power iT», ' the tensor analyzing
power T», and the tensor polarization t2O.

' ' These
spin observables provide important tests for sophisticated
three body theories of the m.NN system, and have raised
many fascinating new questions.

In addition, several experiments have been performed
which measure the difference between vr+d and m d
cross sections, and which relate to the question of charge
symmetry breaking (CSB). Charge symmetry (CS) mani-
fests itself in its simplest form in systems which are in a
unique state of total isospin T and have opposite values
of T3. CS implies that for every observable 8,
B(T,T3)=B(T,—T3). In particular, for the T= 1 trd
system, T3 ——+1 for m. +d and T3= —1 for ~ d. After
removal of electromagnetic effects, therefore, B'(tr+d)
should be the same as B'(tr d). In the md system, de-
scribed by hadronic degrees of freedom, CS is ensured if
proton and neutron masses are equal and if ~N ampli-
tudes for a given T are independent of T, .

Observed CSB effects may be studied on the hadronic
level or using subhadronic degrees of freedom. The form-
er is evidently the simplest, i.e., one considers differing
neutron and proton masses, and T3 dependent pion-
nucleon amplitudes. With F33 the dominant m.N channel,

a measure for the T3 dependence is provided by the
different masses and widths of the delta isobars 5
6+, and 6++. For attempts to relate these differences to
the mass difference of the u and d quarks, see Ref. 6.

We report below new, precise measurements of the
charge symmetry A (T,8) for trd elastic scattering at
four bombarding energies spanning the region of the (3,3)
resonance. The experiment was performed on the M11
beamline at TRIUMF. Typically twelve angles have been
measured in the backward hemisphere at each bombard-
ing energy. Results from previous experiments are sum-
marized in Sec. II. After describing the experimental
technique used for these measurements in Sec. III, we
present our results in Sec. IV. We describe the results of
a theoretical analysis in Sec. V, and formulate our con-
clusions in Sec. VI.

II. PREVIOUS EXPERIMENTS

The first tests of charge symmetry in the vrd system
consisted of precise measurements of ~+d and m. d total
cross sections between 70 and 370 MeV. Differences
were observed in this experiment at the 3—8%%uo level,
which persist after Coulomb and Coulomb-nuclear in-
terference corrections are included. After applying these
electromagnetic corrections, a larger total cross section
was found for tr+d than for m d below the (3,3) reso-
nance region, and a smaller total cross section for m+0
than for vr d above the resonance. The results were
parametrized in terms of mass and width differences
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among the charge components of the 6 isobar, using the
well-known measures for CSB

a (8}—o+(8)
(8)+tr+(8)

(2)

The angular range of this experiment was
22'(O~, b(120'. The incident energy of T =143 MeV
was chosen to coincide with the maximal deviation from
charge symmetry observed in the total cross-section mea-
surements of Ref. 7. An average uncertainty of +1.5%
was obtained in these results, a remarkable achievement
considering the fact that the data were collected in a sin-
gle arm experiment with a CD& target and the EPICS
pion spectrometer. Normally this device is capable of
only 10—15% uncertainties in measured cross sections.
However, many experimental uncertainties cancel out,
since A ( T,8) consists of a ratio of cross sections. Nev-
ertheless, the results of Ref. 8 had to be normalized by
measuring vr

—
p relative cross sections, and using them in

conjunction with ~—
p absolute cross sections predicted

from a phase shift program. Depending on which set of
available phase shifts was used, the resulting ~—d cross
sections of Ref. 8 differed by as much as 8%. Clearly this
is a serious limitation of the pion spectrometer technique
used in the experiment of Ref. 8. We shall come back to
this point in Sec. IV, where the impact of different m

—
p

normalizations on the results of the Ref. 8 experiment is
discussed in a comparison to the results of the present ex-
periment.

The results of the Masterson et al. experiment, when
parametrized in terms of the global quantities of Eq. (1),
gave C~ ——4.35+0.50 MeV and Cz ——0 MeV in their first
publication. A subsequent, and more sophisticated
analysis presented in their second publication resulted in
the values C~ ——3.1+1.1 MeV and C& ——1.24 MeV. For
comparison, the value found from the total cross-section
results of Ref. 7 is CM ——4.6+0.2 MeV. An analysis using
more detailed information than available in the global pa-
rameters of Eq. (1) will be presented in Sec. V.

An interesting feature of the data of Ref. 8 was the ex-
istence of a bump in A (143,8) near 100'. This bump
could not be explained in terms of mass or width parame-
ters of the 6 isobar. The authors of Ref. 8 suggested that
measurements at T = 180 MeV would be useful in under-
standing the nature of this enhancement. At the bench-

C~ ——(M —M++ )+—,'(Mo —M+ ),
c„=(r —r„)+-,'(r, —r, ) .

The best agreement with the total cross section measure-
ments was obtained with C~ ——4.6+0.2 MeV and
Ct- ——3.6+0.3 MeV. Note that the mass difference pa-
rameter C~ is sometimes referred to as C~ in earlier pub-
lications.

Stimulated in part by these results, a measurement of
charge asymmetry A (143,8) in n.d elastic scattering was
performed at LAMPF. This measure is defined in terms
of the differential cross sections cr —+ for m.+—d elastic
scattering at a given pion bombarding energy T (in
MeV), and c.m. scattering angle 8 according to

mark bombarding energy of T =180 MeV, only minimal
effects due to changes in CM were foreseen.

The question of the bump in the data of Ref. 8 received
additional significance after a measurement of A (65, 8)
was reported. " These lower-energy data showed a very
definite bump in the same angular region as observed in
the T„=143MeV data. An impulse approximation cal-
culation did not reproduce the bump in the A (65,8) re-
sults, " whereas a refined treatment of pure Coulomb
effects as well as the charge extension of the pion and
deuteron did so for A(143, 8) but not for A(65, 8).'

The present work was undertaken to investigate the ex-
istence of the T = 143 MeV bump, and to explore the en-

ergy dependence of A (T,8).
Above the (3,3) resonance, Pedroni et al. observed a

deviation from charge symmetry in ~—d total cross sec-
tions opposite to that observed at 143 MeV. The effect
was maximal near T =250 MeV. Measurements of
A (256, 8) were thus performed by Masterson et al. using
the same experimental technique they employed for the
A (143,8) measurements. Their analysis of the A (256, 8)
results revealed considerably less sensitivity to the mass
and width parameters C~ and Ct- relative to that seen at
143 MeV. Values of C~ between 2 and 4.5 MeV were
consistent with their measurements of A (256, 8), and al-
most no sensitivity to C„was observed. Although the
quality of the A (256, 8) results was somewhat worse than
the quality of the A (143,8) results, no evidence for a
bump near 100' was found at 256 MeV.

III. EXPERIMENTAL PROCEDURE

The detection system used in the present experiment
for measurements of A (T,8) in the md elastic scattering
reaction is similar to systems used for measurements of
iT» and Tzo (Refs. 1 and 2} in this reaction, and is shown
in Fig. 1. A solid angle of 27 msr for each of six indepen-
dent arms was defined by a two element pion telescope.
The pion telescopes each consisted of a plastic scintillator
(n.2); located 1.0 m from the deuteron target, and anoth-
er plastic scintillator (nl ); at a radius of 0.5 m.

Each pion telescope was placed in coincidence with an
associated recoil deuteron arm consisting of three plastic
scintillators. The first scintillator (D 1); at a radius of 1.3
m from the target was a thin (3 mm) scintillator which
provided TOF as well as energy loss information. Fol-
lowing this scintillator was an aluminum absorber, whose
thickness was adjusted so that deuterons would stop in
the following 13 mm thick scintillator (D2);. The third
was a veto scintillator (D3);.

The incident beam was counted directly with scintilla-
tors S1 and S2 in coincidence. The incident Aux varied
depending on the polarity of the beam and the bombard-
ing energy, but was typically 2&(10 m/sec. Protons in
the incident m. + beam were reduced by using a differential
degrader near the midplane of the M11 channel. This de-
grader was left in place for the m data collection as well.
Protons remaining in the m+ beam were eliminated by
placing pulse height vetoes on S1 and S2 in the trigger,
defined by
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FIG. 1. The experimental layout is shown, with the pion

beam incident from the top. The meaning of the various detec-

tor rings is explained in the text.

three m runs, as well as three changes of the incident
beam polarity. A typical beam polarity sequence was

m m+ ~+a m m+. A ~ background measurement
would precede this sequence, and a m+ background mea-

surement would follow this sequence. These measure-
ments of the background yield from the carbon (graphite)
target were made for each beam polarity at the beginning
and end of the sequence to ensure that the foreground
(CD&) scattering target remained untouched for the dura-

tion of the data collection for a given sequence. This is
an important feature, because in principle a slight change
of the target position or angle between m+ and m data
co11ection could have had a serious impact on the mea-

sured A ( T,0).
The relative diH'erential cross sections were calculated

from measurements of the md elastic scattering yield N„d,
the number of incident beam particles N& counted in S1
and S2, the computer efficiency EcpU (typically 99%), the
correction for multiple partic1es in the beam burst E'd „g,
and the pion fraction of the incident beam f, according
to

Sl S2 Sl S2.(m1); (m2); (Dl};.(D3}; .

& d&d-b
0 =

&b&cpUf
(3)

The size of S2 was chosen such that its image at the tar-
get would be smaller than the target itself. A three ele-
ment monitor telescope viewed the scattering target, pro-
viding a relative monitor of the incident flux as a con-
sistency check. A horizontally and vertically split scintil-
lator several meters downstream of the scattering target
was used as a relative monitor of the spatial stability of
the incident beam. This device was sensitive to shifts of
as little as 100 pm in the incident beam position on the
scattering target. The horizontal and vertical diver-
gences of the beam were less than 1 deg. The momentum
acceptance of the channel was kept fixed for a given an-
gular setting of the detectors. The momentum accep-
tance hp/p (FWHM) was 1.1% at 143 MeV, and 3.3% at
256 MeV. For bombarding energies of 180 and 220 MeV
the momentum acceptance was 1.1% for one angular set-
ting and 1.7% for another angular setting. The mean in-
cident pion energies at the center of the scattering target
were 142.8, 179.3, 220.0, and 256. 1 MeV. These energies
are accurate to +0.3 MeV.

The targets used for the studies were solid plastic slabs
of CD2, with an isotopic deuterium purity &99%. Two
targets were availab1e, with areal densities of 224 mg/cm
and 405 mg/cm . At T =256 MeV, both targets were
used (stacked together). At the other three energies of
this experiment, the 405 mg/cm target was used. Expli-
cit measurements of the small background from quasi-
free m.d elastic scattering on carbon were made using
graphite slab targets. The areal densities of the two
graphite targets used in conjunction with the CD2 targets
above were 344 mg/cm and 686 mg/cm . The angle of
the targets with respect to the incident beam was always
30.

The data were collected in sequences of positive and
negative beam polarity, in order to minimize possible sys-
tematic errors. Each sequence included three m+ and

The statistical uncertainty associated with the relative
cross sections was & 1% for each sequence.

The correction factor ed, „~ is necessary because the in-

beam scintillators only count once regardless of how

many particles there actually were in a given beam burst.
At TRIUMF, the beam bursts are approximately 2.5 ns
wide. They occur every 43 ns. The correction factor for
TRIUMF (with a 100% duty cycle) is therefore

doub

where

1n
1

1 —p

(4)

measured incident flux

cyclotron rf frequency

At TRIUMF, the cyclotron rf frequency is 23 MHz. The
measured incident flux corresponds to the number of
coincidences per second counted in the beam scintillators
S1 and S2. Upper level threshold requirements on these
scintillators prevented beam protons from contributing to
this flux. The doubles correction for a typical incident
flux of 2&10 ~/sec is therefore 0.956. The uncertainty
associated with this correction increases as the incident
flux increases. Therefore, the incident flux was con-
strained to be less than 3 MHz using the M11 vertical in-
tensity slits. Even at this rate, assuming a 10% uncer-
tainty in determining the incident flux, the uncertainty of
this correction is only 0.7%. The scalers were inhibited
and the experimental trigger disabled whenever the in-
cident beam rate fell below 0.1 MHz.

Careful studies were made to check for any possible
rate dependence in the measured m+0 cross sections. In
particular, one worries about the possible systematic er-
rors associated with changing the opening of the vertical
intensity slits. These slits were varied during the experi-
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ment to adjust the incident flux. Conceivably, changing
these slits could aft'ect the size of the pion beam spot, the
angular divergence and incoming angle of the incident
beam. To check the consequences of these possible
elects, the incident flux was varied between 0.8 and 5.6
MHz using the M11 vertical intensity slits. Although the
cross sections obtained at 5.6 MHz appeared to be about
1.5% higher than the cross sections obtained at the other
rates, there was no discernible rate dependence in the
range of incident flux between 0.8 and 3.5 MHz, where
the A ( T,8) measurements were acquired.

A further study was undertaken to study the possible
infiuence of diff'erent pion production targets on the mea-
sured ~d cross sections. Four pion production targets
were available, a 10-mm-thick graphite target, a 2-mm-
thick graphite target, a 12-mm-thick beryllium target,
and a 10-mm-thick HzO target. Because the Mll pro-
duction target is shared with two other beam lines, it was
not possible to run with the thin 2 mm graphite target.
However, it was possible to compensate partially for the
different m+ and m fluxes by changing the pion produc-
tion target from 10 mm H20 to 12 mm beryllium for m. +

and n beams, respectively. For example, at 320 MeVlc,
the ratio of m+ to nflux. es (for a fixed setting of the
channel slits and jaws) would be 25 if the H20 production
target had been used for both polarities. By employing
the beryllium production target for the m measure-
ments, however, this ratio is reduced to six. Test runs for
which n+d cross sections were measured using the vari-
ous pion production targets were consistent with each
other, as expected.

Ideally one could utilize this unique feature of TRI-
UMF to obtain similar pion fluxes for m+ and ~ by
changing just the production target, and nothing else.
Unfortunately, pion production for the two polarities is
dissimilar enough for higher pion energies that the chan-
nel slits must be changed as well to keep the fiuxes for
both m+ and m confined to a reasonable range (between
1 and 3 MHz). At T =143 MeV, the channel slits for
each pion polarity were not changed. The resulting n

and ~+ fluxes were 0.8 and 2.7 MHz, respectively. For
the other three bombarding energies studied in this ex-
periment, the channel (intensity) slits were opened wider
for m data acquisition than for m+ data acquisition.
The resulting (average) m+ and m incident fiuxes were
respectively 3.1 and 2.5 MHz at T =180 MeV, 3.2 and
1.6 MHz at T =220 MeV, and 2.8 and 1.0 MHz at
T =256MeV.

The pion fraction of the incident beam f (see Table I)
is the largest correction to the data which is sensitive to
the incident beam polarity. For example, f is about
10% less for m than for m+ at T =143 MeV, but only
about 1% less at T =256 MeV. Considerable attention
was therefore given to an accurate determination of this
correction. During each run, the electron contamination
of the incident beam was acquired (by means of a sample
circuit) simultaneously with the m

—d data. This was done
by digitizing a timing signal from a capacitive probe in
the TRIUMF proton beam line with respect to scintilla-
tor S2, located just upstream of the CD2 scattering tar-
get. This timing signal therefore represents the TOF of
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FIG. 2. The TOF spectrum of particles down the M11 chan-
nel is shown for (a) positive and (b) negative beam polarities at
T =180 MeV. From left to right the peaks correspond to
pions, muons and electrons or positrons. The separation be-
tween the pion and electron peaks is 5.7 ns.

TABLE I. The constituents of the incident pion beam are
tabulated at each of the energies studied in this experiment.
The numbers refer to the ratio of particles of a given type to the
total number of particles of all types. The measurements were
obtained using rf referenced TOF and a 0.6-ns-wide proton
beam bucket as discussed in the text.

T (MeV)

143

180

220

256

Polarity

0.977
0.887

0.986
0.942

0.990
0.970

0.995
0.985

0.018
0.011

0.012
0.008

0.007
0.006

0.005
0.005

0.005
0.102

0.002
0.050

0.002
0.025

0.001
0.009

particles from the M11 production target down the (-14
m long) Ml1 channel, smeared out by the instrumental
( -0.5 ns} timing resolution and the width of the incident
beam bucket (-2.5 ns}. While this is sufficient for sepa-
ration of electrons or positrons from the pions and
muons, it is not sufficient for separation of muons from
pions. On the one hand, it is hard to come up with a
mechanism which would alter the muon contamination
of the beam in a polarity dependent way. On the other
hand, the A(T„,e) measurements would be critically
sensitive to such a dependence. Therefore, a separate
measurement of the incident beam fraction was made
after the experiment, by limiting the phase space of the
incident beam using slits in the TRIUMF cyclotron, such
that the width of the incident beam buckets was -0.6 ns,
instead of the usual 2.5 ns. This made it possible to
separate m

+—
, p

+—
, and e* at each of the bombarding ener-

gies studied in this experiment. The e —contamination
obtained in this special measurement was consistent with
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FIG. 3. A typical two-dimensional spectrum for m+ (a) and

(b) of the deuteron TOF vs the sum of the deuteron pulse
heights in the hE counter (D1) and the E counter (D2) is
shown. This example is for T =180 MeV and 0,. =140. The
deuteron band is enclosed by the polygon. The other events are
protons from quasielastic scattering, absorption, and deuteron
breakup reactions.

that obtained from the earlier measurements with the
wider beam bucket, which confirms the reliability of the
former approach for obtaining the (small) muon contam-
inations. A typical spectrum (obtained using the narrow
beam bucket) showing the separation of m —,IM —,and e-
at T =180 MeV is presented in Fig. 2. Table I summa-
rizes the results of the beam fraction studies with the nar-
row beam bucket measurements. The pion beam frac-
tions listed there were used for the determination of
A (T„,B).

The final analysis of the data was performed by con-
structing polygons around the md elastic events identified
in two-dimensional histograms of the deuteron TOF
versus the deuteron total energy E +hE, where b E cor-
responds to the pulse height in D1, and E to the pulse
height in D2. A typical (foreground) scatterplot of these
quantities is shown in Fig. 3. For a given setting of the
detector angles and bombarding energy, the same po-
lygons were used to obtain the ~+ and ~ foreground
and background yields. The background amounted to
typically 5% of the foreground yield.

The uncertainty in A ( T,B) includes the statistical un-

certainties in the relative cross sections (typically ( 1%),
as well as the statistical uncertainties associated with the
determination of the incident pion beam fraction, the
computer efficiency, and the correction for multiple parti-
cles within a given beam burst.

Precise measurements of the n. +d differential cross sec-
tions have recently been published' for this energy re-
gime. Our experimental configuration was therefore opti-
mized for a measurement of relative m

—d cross sections in
order to obtain the best possible measurement of the
charge asymmetry A (T,B) Conseque. ntly, no absolute
cross sections will be presented from this experiment.
Consistency checks performed periodically during the

course of the experiment did indicate, however, that our
measured absolute cross sections were in agreement with
those of Ref. 13.

IV. EXPERIMENTAL RESULTS

The asymmetries measured in this experiment [accord-
ing to Eq. (2)] have not been corrected for radiative
effects Such corrections, which differ slightly for ~+d
and n. d, arise due to the bremsstrahlung radiation asso-
ciated with md elastic scattering. Radiative corrections
were calculated for the experiment of Masterson et ai. '

using the relationships given by Boric. ' They depend on
the pion scattering angle, the pion polarity and energy,
and the energy acceptance of the detection system, and
amounted to between —0. 1 and —1 ~ 0 in corrections to
the asymmetry (expressed in percent) in those experi-
ments.

Knowledge of the energy acceptance is required in
single-arm spectrometer experiments because photon
emission modifies the energy of the outgoing particles. If
the outgoing particle energy is modified outside the range
of accepted particle energies, the event is lost, and the
corresponding cross section is underestimated. The
broader the energy acceptance of the experiment, the less
the radiative correction becomes since more of the radia-
tive distribution is included in the analysis.

It is not trivial to make radiative corrections in the
present situation in which the scattered pion and recoil
deuteron are detected in a coincidence experiment with
plastic scintillation counters. Although the energy accep-
tance of these detectors is large ( & 25 MeV), bremsstrah-
lung radiation may also influence the scattered or recoil
particle angles. Kinematic correlations sufficiently com-
plicate the phase-space integrations involved in calcula-
tion of the radiative corrections that a general expression
cannot be obtained. ' For this reason, computation of
the radiative correction is beyond the scope of the
present work. However, approximate calculations indi-
cate that the deflections of the particles from their
kinematically correct angles due to bremsstrahlung radia-
tion are no greater than about 0.5' at 143 MeV. For
these reasons, we have not included radiative corrections
in the asymmetries measured in this experiment.

Each of the measured asymmetries in this experiment
is tabulated in Table II. The uncertainties listed in Table
II include all known sources of uncertainty in the experi-
ment, namely those associated with counting statistics,
the beam pion fraction determination, the doubles correc-
tion to the incident flux, and the computer efficiency.

As mentioned previously, the asymmetries measured
by Masterson et al. ' include radiative corrections. In
that experiment the corrections were applied to their
measured m

—d cross sections as well as to their measured
n+pcross sect.i—ons. (The ratio of measured m

—
p cross sec-

tions to those predicted from a partial wave analysis pro-
gram was used to normalize their m~d results. ) The dom-
inant contribution to their overall radiative correction
arose from the correction to the measured ~—+

p data.
However, the data used to generate the m.—p phase shifts
(and corresponding cross sections) were not corrected for
radiative effects. Furthermore, it is not clear how one
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would apply radiative corrections to those data since the
required information on the energy acceptance of the
detection system is not available. Forming the ratio be-
tween measured ~—

p cross sections which include radia-
tive corrections, and predicted m.—p cross sections based
on data which do not include radiative corrections, is
questionable. There is no easy way to know what the ac-
tual radiative correction should be in that experiment, '

because that would involve correcting the entire data
base employed in the partial wave analysis by amounts
which depend on the energy acceptance of each experi-
ment (which is in general not reported).

The A (T,O) results from the present experiment are
displayed in Fig. 4 for each of the bombarding energies
studied. The previously published data of Masterson et
al. at T = 143 (Ref. 8) and 256 MeV (Ref. 9) are includ-
ed for comparison. The data from the present experi-
ment have several symbols associated with them to de-
lineate results acquired during a given sequence from re-
sults acquired during a different sequence (this distinction
is also made in Table II). As described in Sec. III, data
are acquired at six angles simultaneously in this experi-
ment for each sequence of alternating beam polarities.

At T =143 MeV, the results from two sequences of
measurements from the present experiment agree nicely
with each other. The data reflect a flat angular distribu-
tion of A(143,8) with values ——1.5%. The results
from this experiment are, however, inconsistent with
those from Ref. 8, which consist of values around +1 to
+2% in this angular region. The difference is more than
can be accounted for by the experimental uncertainties.

The results of Masterson et al. ' are, however, depen-
dent on the detailed m

—+p cross sections that were used to
normalize their m

—d data. Their original values of
A (T,H) at both 143 and 256 MeV were based on the
m+—p data of Bussey et al. ,

' used in conjunction with the
computer code SCATPI. Since publication of the CSB
papers by Masterson etal. , ' there have been several re-
cent vr

—+p cross section measurements published, includ-
ing one' that employed techniques similar to those used
in the present experiment. These new m+—p measurements

TABLE II. The results of this experiment are tabulated. All

A (T,O) and AA(T, O) values are in percent. The tabulated
uncertainties [b, A (T,O)) include all known sources of uncer-

tainty, as discussed in the text. The column labeled Set refers to
the detector setting in which data at six angles were acquired
simultaneously.

b, A (%) SetA (%)

0.73
—0.97
—0.46
—1.61
—1.72
—2.11
—1.29
—3.02
—0.63
—1.39
—0.74
—1.48

0.87
0.63
0.60
0.64
0.64
0.65
0.76
0.64
0.63
0.67
0.68
0.68

92.7
107.6
121.9
135.8
149.3
162.5
100.2
114.8
128.9
142.6
155.9
166.9

143

—1.14
—0.73
—1.51
—0.64
—1.71
—1.63
—0.51
—1.33
—2.52
—2.38
—1.45
—1.40
—1.77
—0.61
—2.74
—1.22

0.37
—2.59

180 86.0
103.6
115.6
125.0
140.9
158.5
78.3
96.2

115.6
131.9
149.7
167.1
78.3
96.1

115.6
131.9
149.7
167.1

0.59
0.61
0.63
0.67
0.74
0.90
0.70
0.61
0.64
0.69
0.77
0.86
0.49
0.36
0.39
0.43
0.47
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FIG. 4. The results of this experiment at T = 143, 180, 220,
and 256 MeV are shown (solid symbols). The original data of
Masterson et al. are also shown at T =143 (Ref. 8) and 256
MeV (Ref. 9) (open symbols). The charge asymmetry is plotted
on the vertical axis in percent, the horizontal axis is the c.rn. an-
gle in degrees.
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were undertaken to resolve discrepancies observed in the
existing ~—

p data base. ' ' ' ' ' Amdt generated a new
set of AN shifts (SP87) based on the data of Brack et al. '

as well as many of the other data sets. The m
—
p cross sec-

tions calculated from the SP87 phase shifts were used to
renormalize the data of Masterson et al. ' These renor-
malized data appear in Fig. 5 (as well as in Figs. 6 and 8).
Note that in Fig. 5 we have averaged the data of Ref. 8
where more than one measurement was made at the same
angle. While there were only minor changes at 256 MeV,
the 143 MeV data changed considerably, yielding values
of A (143,8) that were predominantly negative and in
substantial agreement with the data of the present study.
We stress that the present experiment is an absolute mea-
surement of A (T„,8) requiring no normalization to n p-
data. There remains some semblance of a bump in the re-
normalized data of Refs. 8 and 9 at about 110' but it is
not statistically significant and there is no evidence for
such a bump in the present data. The agreement between
the A (143,8) measurements of this experiment and those
of Ref. 8 when normalized to the recent m

—
p data of Ref.

18 shows internal consistency between all three of these
measurements.

The results of the present experiment at T =180 MeV
are also shown in Fig. 4. Three sequences of measure-
ments were undertaken at this bombarding energy. All
are consistent with one another. Two of the sequences
were acquired by varying slightly the slits of the M11
channel, in order to obtain fluxes of approximately 3.1

MHz for m+ and 2.3 MHz for m . The third sequence
was acquired by varying the M11 intensity slits much
more drastically, such that the m. + and m fluxes were
identical at 1.6 MHz. The angular distribution of
A (T,8) at this bombarding energy is Aat, with values
again near —1.5%. The shape and magnitude of
A (180,8) is very similar to A (143,8).

At a bombarding energy of 220 MeV, the values of
A (220, 8) move closer to zero. The angular distribution
is again flat. The two sequences of measurements are in
close agreement with one another.

At T =256 MeV, the quality of data in both experi-
ments has deteriorated. The results of the present experi-
ment are generally consistent with those of Ref. 9 at an-
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FIG. 5. The data of Ref. 8 renorrnalized using the SP87

phase shifts based on the recent m. +p data of Ref. 18 are shown
(open symbols). The data of this experiment are also plotted
(solid symbols) for comparison.

gles greater than 100'. Between 70 and 100 the two ex-
periments disagree. The asymmetries measured in the ex-
periment of Masterson et al. rise from near zero to
around 3% in this angular region, whereas those of the
present experiment fall from around —2% to —3%.
Given the size of the experimental uncertainties in both
experiments, however, the impact of this discrepancy
may not be significant. Most disturbing is the datum
from the present experiment at 137.5', which lies between
two and three standard deviations lower than where ex-
pected, based on the neighboring data. A detailed
analysis offered no experimental explanation why
A (256, 137.5') has such a negative value, which is
presumed to be a statistical fluctuation or an instrumen-
tal problem. The problems noted above may be con-
sidered a reflection of the fact that at this bombarding en-

ergy, not only has the differential cross section fallen by
almost a factor of twenty from T =143 MeV, but the ra-
tio of m to m+ incident flux has fallen drastically as well.
These factors combined make the A (T,8) measure-
ments at higher energies especially challenging.

The general angular trend of A(256, 8) is negative
( —2% to —3%) at forward angles, with a transition to
slightly positive values ( —1%) at backward angles. The
slope and angular location of this transition is different
for the two experiments.

Although the m
—
p data of Ref. 18 extend only to

T =139 MeV, due to the apparent superiority of the
SP87 phase shifts at 143 MeV, we have used this new set
of phase shifts to renormalize the 256 MeV data of Ref. 9
as well. In contrast to the situation at 143 MeV, the re-
normalization at 256 MeV has no significant impact on
the earlier data of Ref. 9.

V. THEORETICAL TREATMENT

The electromagnetic perturbations which break charge
symmetry are simple in principle, yet there are no
methods to include them exactly in calculations of the
scattering of a particle on a composite system. Approxi-
mations have to be invoked, and all face the same intrin-
sic problem, namely, a tiny differential measure—
A (T,8)—has to be calculated with corresponding ac-
curacy. One has to determine which effects approximate-
ly cancel, and which are dominant in A (T,8). This
dilemma explains the variety of approximations which
have been proposed ' ' ' ' ' trying to do partial justice
to selected aspects of the problem. The latter difficulty is
not of a fundamental nature, but one of precision.

Most methods make use of the global parameters C~
and Cz in Eq. (1) as a measure for CSB. Nonzero values
of C~ or Cz indicate CSB. Of course, C~=Cz ——0 cor-
responds to CS of the strong interaction, but the converse
is not true. One obviously can have unequal mass and
width parameters and still have C~ ——C& ——0. The use of
these global parameters is thus seen to introduce a defi-
ciency.

The approach of Ref. 22 just permits CSB on the level
of each individual (3,3) channel. We recall here only its
salient points. One writes the elastic amplitude in the
form
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csBfttd =fc,ettt+fc, s (5)

In this expression, f, ,„, is the external Coulomb ampli-
tude for scattering of extended pion and deuteron charge
distributions, and accounts for the observed (longitudi-
nal) form factors. There does not exist a closed form
for the Coulomb modified, CSB strong amplitude f, , in

Eq. (5). Here, as was done in Ref. 22, we shall assume

fCSB (f f(2) )Cs+ (f(2) )CSB (6)

In Eq. (6), (f f 'a ) —is the difference between the to-

tal charge symmetric amplitude and its dominant,
second-order part. The latter we assume to be dominated

by the CS (3,3) channel. The term (fthm') in Eq. (6) is

the CSB amplitude, which (for rrd scattering) requires in-

formation on four different (AN� )T channels. We also in-
l

elude in this term the p, n mass difference and moreover
account for internal Coulomb effects between charged
particles in intermediate states, not inherent in the CSB
(re )r amplitudes.

I

Actually, one cannot accurately calculate the CSB am-

plitude (f ') in Eq. (6) because of lack of the required
information on the off-shell m.N amplitudes in the
different charge states T;. In Ref. 22 actual data for m+p

were utilized; for the remaining 6,-, a scheme was sug-

gested which produces amplitudes with given resonance
masses M, and widths I, . Even these input elements are
not all available. All widths with the exception of I ++
are not, or at best poorly known. For the calculation re-

ported in Ref. 22, for instance, a measured value of
M —M++ was used, which leads to a large, and conse-

quently strong CSB value for M . That value remains

unconfirmed till today.
We thus need a judgement on the quality of resonance

parameters. In Ref. 22 the values of Ref. 6 were taken,
which correspond to C~ =6.6 and Ct- ——5.2 MeV. These
numbers are now considered to be on the high side.
Here, we still take the (++ ) and (+ ) parameters to be
best known. Then first keeping Mo and I 0 fixed, we scan

C~ and Cz regions by varying M and I . We also

consider an alternative I o value to see its inhuence.
Although we have calculated the asymmetry function

A(T„,O) for wide ranges of I o, C~, and Ct-, we shall
confront all but the T =220 MeV data with
( I o, Ct- ) = (115.7, 3.5) MeV and (112.6,2.5) MeV. In
both cases we tested C~ =2. 5, 3 ~ 5, and 4.5 MeV.
A (143,9) has also been calculated with C~ ——4. 5 MeV,
C& ——1.2 MeV, and I o = 112.6, 115.7 MeV. The specific
combinations of parameters we have investigated are tab-
ulated in Table III.

The results, displayed in Figs. 6, 7, and 8, show that
the sensitivity of A ( T, H & 70') to changes in I 0, C~,
and Cz is greatest for 143 MeV, less for 256 MeV, and
rather small for T„=180MeV. Obviously, the range of
input parameters can only be limited if the data fall
within the spread of the predicted A (T,8), and if the
spread is large compared to the experimental uncertain-
ties. These conditions are met only for T =143 MeV.

At T =256 MeV, the present calculations are com-
pared to the existing data in Fig. 6. The present and old-
er predictions, which are not very sensitive to the choice
of parameters, agree. reasonably well with each other.
The older data at this bombarding energy, extending
down to 0-22', roughly correspond to the predicted
A (256, 8). None of the calculations predict the negative
values of A (256, 0) measured in the present experiment
at 79.9' and 90.3, which are moreover in disagreement
with the earlier experiment of Masterson et al. Due to
the large experimental uncertainties of both experiments,
coupled with the insensitivity of the predictions to the
choice of parameters, a determination of mass or width
parameters has not been attempted at this bombarding
energy. The analysis of Masterson et al. at this bom-
barding energy favored values of C~ between 2.0 and 4.5
MeV. Although there was little sensitivity to Cz in their
analysis, their preferred value for C„was 2.33 MeV.
Beyond 100' the present data are slightly overpredicted
with these mass and width parameters. At the present
time, no calculations are available at T =220 MeV.

At T = 180 MeV our data for A (180,8 & 78') occupy
a band around ——1.5%%uo. The present predictions all
cluster around A (180,8)-0 to —0.5% in the backward

TABLE III. The resonance parameters used for the calculations shown in Figs. 6, 7, and 8 are
shown. All numbers are in MeV. Fixed values (Ref. 6) are M++ ——1231.1, M+ 1230.5, M0=1232. 5,
I =111.5, and I =113.5 MeV.

Solution

4.5
3.5
2.5
4.5
3.5
2.5
4.5
4.5

CI-

3.5
3.5
3.5
2.5
2.5
2.5
1.2
1.2

1234.9
1233.9
1232.9
1234.9
1233.9
1232.9
1234.9
1234.9

115.7
115.7
115.7
112.6
112.6
112.6
112.6
115.7

113.3
113.3
113.3
114.3
114.3
114.3
113.0
112.0
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FIG. 6. The T, =256 MeV data from the present experiment
(solid symbols) as well as the renormalized data of Ref. 9 (open
symbols) are shown. The present calculations are shown for
Ct- ——3.5 MeV (solid curves) and Cz ——2, 5 MeV (dashed curves).
For a given choice of Ct-, successively more positive A {T,O)

values are predicted as C~ assumes the values 2.5, 3.5, and 4.5
MeV.

FIG. 8. The T =143 MeV data from the present experiment
(solid symbols) are shown, as well as the renormalized older
data from Ref. 12 (open symbols). The present calculations are
shown for Ct- ——3.5 MeV (solid curves) and Ct- ——2.5 MeV
{dashed curves). For a given choice of Ct-, successively more
positive A ( T,B) values are predicted as C~ assumes the values

4.5, 3.5, and 2.5 MeV. The dashed-dotted curves correspond to
solutions 7 (upper curve) and 8 (lower curve) from Table III.

hemisphere, as shown in Fig. 7. The negative excursion
predicted for A (180,8-80') in Ref. 22 becomes less pro-
nounced for the set of parameters chosen here. No such
structure emerges in the calculations of Ref. 10 which
moreover predict small positive values (between 0 and
2%%uo) for A (180,8) 50') for all mass and width parame-
ters considered. The tight clustering of the theoretical
predictions for all parameter sets employed again renders
pointless the extraction of mass and width parameters at
this bombarding energy. Although the discrepancy be-
tween the present and earlier' calculations is only about
1% (except for the negative excursion predicted in the
present calculations near 70'), the data favor the present
calculations.
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FIG. 7. The T =180 MeV data from the present experiment
(solid symbols) are shown. The present calculations are shown
for C~=3.5 MeV (solid curves) and Cz ——2. 5 MeV (dashed
curves). For a given choice of Cz, successively more positive
A ( T,O) values are predicted as C~ assumes the values 4.5, 3.5,
and 2.5 MeV.

At T =143 MeV the situation is summarized in Fig.
8. The calculations show the desired sensitivity to the pa-
rameters at this bombarding energy, enabling a reliable
determination of CM and C~. As described earlier, the
present data at this energy cluster around A(143, 8)
——1.5%%uo, in agreement with the renormalized older
data of Ref. 8. The present calculations with C& ——3.5 or
2.5 MeV all predict positive values of A (143,8) regard-
less of the value of C~. Only the predictions for C„=1.2
MeV produce the negative A(143, 8&60') values ob-
served experimentally. The shape of the predictions is
such that it is difticult to describe simultaneously the old-
er, forward angle data of Ref. 8 and the predominantly
backward angle data of the present experiment. Given
the problems discussed above concerning the m. —p renor-
malizations and radiative corrections to the older data,
we prefer parameter set eight from Table III, which ap-
pears to provide the best description of the data from the
present experiment at this bombarding energy, even
though the (renormalized) data of Ref. 8 are slightly un-
derpredicted. This parameter set has identical CM and
C„values (4.5 and 1.2 MeV, respectively) as parameter
set 7, but different combinations of the widths I o and
I" . The combination I 0=115.7 MeV and I =112.0
MeV seems preferred by comparison to the present data.

Previous calculations ' are reasonably consistent with
this choice of parameters, showing a preference for
C~ ——3. 1 MeV, and C& ——1.24 MeV when compared- to
our experimental results and the renormalized data of
Ref. 8.

Although the present and older calculations demon-
strate great sensitivity to the mass and width parameters,
and moreover point to similar values for C~ and Cz,
there are disturbing differences between the predictions
given the same choice of parameters. For example, the
calculations of Masterson et al. at 143 MeV, with
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C~ ——4.47 MeV and Ct- ——1.24 MeV are flat in the back-
ward hemisphere (as are the data), rising monotonically
with decreasing angle inside of about 100'. The present
calculations, using the same values for C~ and C„, pre-
dict structure near 100 and only begin to rise inside of
60 . The magnitude of both predictions is similar [for ex-
ample both predict A (143, 180 )=—2%]. Other exam-
ples (again at 143 MeV), however, have similar shapes
but different magnitudes. Using C~ ——4.47 MeV and

Cz ——3.6 MeV, Masterson et al. predict asymmetries
near zero in the backward hemisphere whereas those of
the present study, for the same choice of parameters and
in the same angular region, are closer to 3%. The
reasons for these discrepancies are not understood. We
attribute the fair agreement between mass and width pa-
rameters extracted using the two calculations to the great
sensitivity to these parameters at this bombarding energy.

The values of CM determined from both theoretical
prescriptions are also consistent with the value of C ob-
tained from the total cross section measurements of Ref.
7, although the reported Cz there is larger than the value
we find. The value for the mass parameter determined
from our analysis (C~ ——4. 5 MeV) is furthermore in good
agreement with that predicted from a bag model calcula-
tion of Bickerstaff and Thomas (C~ =4.55 MeV).

VI. CONCLUSIONS

Measurements of the charge asymmetry A (T,O) in
elastic ~d scattering have been made at bombarding ener-
gies of T =143, 180, 220, and 256 MeV. For T =180
and 220 MeV these are the first measurements. The re-
sults for T„=256 MeV are consistent with those of an
earlier experiment in the backward hemisphere, but
differ slightly in the angular region between 70' and 100'.
At T =143 MeV, the results of the present experiment
agree nicely with those of Masterson et al. provided the
earlier data are renormalized to new, more precise ~—+

p
data. ' This renormalization also causes the enigmatic
bump in A (143, —100'} practically to disappear in ac-
cordance with the present experiment.

At T„=256 MeV, both theoretical prescriptions stud-
ied here do reasonably well describing the existing data.
Measurements at two angles from the present study at
79.9' and 90.3' fall outside the band defined by all predic-
tions, as does the datum at 137.5'. Unfortunately, at this
bombarding energy the larger experimental uncertainties

associated with the A (T,O} measurements, coupled
with the predicted insensitivity to different mass and
width parameters, makes the extraction of reliable values
for CM and C„difficult at best.

At T =180 MeV, both theoretical prescriptions con-
sidered here predict tight clustering of A (180,0) for all
parameters considered. The present predictions lie about
1% lower than those of Masterson, ' in better agreement
with the data. The structure predicted by the present cal-
culations at forward angles is not predicted by Master-
son, and the angular range of the data is insufticient to
discriminate between the two calculations in this region.

By far the most interesting data are those for T = 143
MeV. Great sensitivity to values of a presently preferred
choice of resonance parameters permits the extraction of
C~ ——4. 5 MeV, C& ——1.2 MeV, and a preference for
I O=115.7 MeV. The C values are close to those extract-
ed in Ref. 9, namely, CM ——4. 5 MeV, C~=1.24 MeV,
even though we have presented arguments which suggest
that the data from that experiment were incorrectly nor-
malized. Furthermore, the C values extracted from this
study are consistent with those from total cross-section
measurements. The mass parameter C~ found in this
study is also in agreement with that predicted from
a bag model calculation of the up-down quark mass
difference.

We repeat that the C parameters are global ones which
do not distinguish between different M;, I, values for the
individual 5, leading to the same C~ and Cz. One can
well imagine that a second generation of data will put
sharper bounds on what is in reality a many parameter
situation. It goes without saying that greater experimen-
tal precision will demand corresponding attention to
neglected details of the calculations. In any event it is
not possible on the basis of the present data to set limits
(uncertainties) on the C parameters and the lesser known
mass and width parameters for 6, .
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