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Charge symmetry violation due to the Coulomb force in the elastic scattering of m. +—from 'H

and He is studied using a theoretical optical potential with spin. Our calculated results compare
favorably with the experimental differential cross sections of Kallne et al. and of NeAcens et al. ,

indicating that the observed violation of the charge symmetry can be due to direct Coulomb
effects.

Recently Nefkens et al. ' claimed to have observed
charge symmetry violation in m

—elastic scattering from
H and He. They measured the differential cross sec-

tions for 180 MeV pions scattered between 45' and 96 in
the c.m. system, formed the ratios

r, =[dcrld0(tr+ H)]l[dtrldQ(m. He)],

r2 ——[dtT Id Q(m H)]/[do Id Q(sr+ He)],
R =7 I)2

(2)

and found them to vary significantly from 1 with scatter-
ing angle; e.g. , R =1.31+0.09 at 0, =65. If the en-
tire interaction were charge symmetric, the individual
ratios, rl and r2, and the super-ratio R would all identi-
cally be equal to 1. The authors of Ref. 1 concluded,
after a series of indirect arguments, that the simple addi-
tion of the Coulomb force to the trinucleon strong force
is not enough of a perturbation to cause the large devia-
tions, and consequently charge symmetry in the ( He, H)
structure or strong interaction is violated.

There have been several theoretical attempts to ex-
plain the deviation of the super-ratio R from 1. Barshay
and Sehgal used a geometrical model for the trinucleon
structure to ascribe the deviation to short range three-
nucleon correlations. One of the present authors
(Y.E.K.) has postulated that the observed deviation may
be due to multiquark compound resonances, and sug-
gested a direct experimental test of the importance of
these resonances. In addition, Kim, Krell, and Tiator,
while not able to reproduce the data quantitatively, have
used a local optical potential to show that the direct
Coulomb force could produce large charge symmetry
violations in this reaction.

The present work takes the view that no new mecha-
nisms should be introduced until the well-known and
precise techniques for calculating pion scattering with
the combined Coulomb plus nuclear force have been
tried. In particular, since the denominators in the ratios
r, and r2, (l) and (2), can approach zero at the minima
of du/dA, the large deviations of the ratios from 1 may

U(k' k'E) = U"""(k' k'E)+ U '"'(k', k), (4)

and that the m-nucleus scattering amplitude is obtained
by solving the Lippmann-Schwinger equation. This is
the simplest and most basic inclusion of the Coulomb
force, and consequently the first place to look for an un-

be simply a reflection of how "small" effects can affect
the depths of minima. In the present case the minima
are filled largely by spin-flip scattering; that may be a
small effect for other nuclei, but in He and H with —,

' of
the nucleons having unsaturated spin, it makes an im-
portant contribution. Spin-flip scattering, which is
essential to describing the minima, was not present in
Ref. 4 but is now included with some precision. This
leads to better agreement between theoretical predictions
and experimental differential cross sections than previ-
ously, and consequently more reliable conclusions re-
garding the ratio of cross sections.

The present calculation uses a momentum space, non-
local potential, LpoTT, with theoretical parameters de-
rived over a good number of years. The previous cal-
culation used a phenomenological potential with pararn-
eters fit to heavy-nuclei, pionic-atomic data. There real-
ly is no comparison between the two on theoretical
grounds, with the theoretical potential developed with a
realistic description of the nuclear structure of the
three-nucleon system. Specifically, this improves upon
the calculation of Ref. 4 by providing an improved
description of off-energy-shell, recoil, binding, and kine-
matic effects; spin-flip scattering arising from realistic
nuclear structure; and several "exact" treatments of the
nuclear force. These effects are important here since
they tend to fill in the minima in do. /dB —and thus
directly affect the ratios. Yet it is not meaningful to iso-
late any one effect (particularly at lower energies) since a
number of them are needed before an accurate picture
develops, and since a number of them nearly cancel.

The basic assumption made here is that the total ~-
nucleus potential U is the sum of nuclear plus Coulomb
potentials,
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po
———k/2 +q( 3 —I ) /2 & (9)

po is the momentum of the struck nucleon which optim-
izes the factorization approximation. ' [Although not
indicated in (6) and (7), we also include "rho squared"
terms in our potential to account for pion annihilation. ]

The distribution of matter and spin for the He nu-
cleus can be described with the form factors '

p".«-(q) =F.h('He) lf 'h (10)

p" .«..(q) =F.h('H) lf 'h

p,"~;„(q)= [pg ('H) —p'F ('He)]/[f.'h(S ', —S '. ) J

(12)

p~;„(q)=p~„[F ( He) F( H)]/[2f t~h(—pz —p„)],
(13)

where p „=(2.793, —1.913), and f~(q) is the proton
charge form factor. In general, we need four form fac-
tors to describe He and an additional four to describe
H. We assume isospin symmetry is good at the nuclear

structure level, so the four form factors for H are relat-3

ed to those for He by the interchange p~n on the left-
hand sides (lhs's) of (10)—(13). Note that even with this
assumption, the charge and magnetic form factors for

derstanding of the experimental charge symmetry viola-
tion. We have also used LPOTT to examine Coulomb
effects at an even more microscopic level where they
modify (by several MeV) the subenergy of the n-nucleon
T matrix contained in U""", the overall energy depen-
dence of the optical potential, the nuclear mass, and the
wave equation. However, since these latter effects are
less direct than (4) (which produces 20—30% effects), are
small here ( = 1%), and since they tend to influence
mainly the energy dependences of the integrated cross
sections, we present here only the simplest calculation.

For the scattering of a spin 0 particle (k~k') from a
spin —,

' nucleus, the optical potential (and the nuclear T
matrix) have central plus spin-orbit (or flip) terms:

U"""(k',k;E)= (k'
I

O'
I

k &+io n(k'
I

U'
I

k &

In the impulse and factorization approximations, U' and
U'~ are the sums of products of ~-nucleon (spin-flip and
nonflip) T matrices and nuclear (matter and spin) form
factors:

He and H are still independent functions, and indeed
we use four different functions to describe the nuclear
structure [eff'ectively F,h ( He, H)]. We have also ex-
perimented with including isospin breaking at the
nuclear-structure level, but have found that the major
effect on the experimental R arises from effects at the
pion-nucleus level, i.e., (4); only the dominant physics is
discussed in this Brief Report.

We use the most recent electron scattering determina-
tion of the nuclear form factors: Juster et al. for the
charge and magnetic form factors of H, McCarthy
et al. ' for the charge form factor of He, and Dunn
et al. " for the magnetic form factor of He. The previ-
ous large uncertainties in magnetic form factor of He
were rejected as large uncertainties in the predicted m-

He scattering minima, and are now removed. " Uncer-
tainties arising from lack of knowledge of the elec-
tromagnetic form factors at very large momentum
transfers are negligible for the momentum transfers im-
portant in the present pion calculations (q & 11 fm ).
Likewise, while meson exchange currents should be re-
moved from these form factors before they are used in
strong interaction calculations, ' with the small momen-
tum transfers involved here the effect on R is small. (We
have further checked this point by using the pure nu-
cleonic form factors of Hadjimichael et al. ' to calculate
R.)

The off-energy-shell AN T matrices in U(k', k;E) are
determined from the Almehed-Lovelace phase shifts'
(on-shell behavior) and from a separable potential mod-
el' (off'-shell behavior). The T matrices are transformed
to the ~-nucleus c.m. system with a covariant, optimal
impulse approximation that preserves the full angular
and nonlocal nature of the kinematic, binding, and recoil
effects.

Since the Coulomb force is the ultimate source of
charge symmetry violation, we have tried four different
procedures for its inclusion at the ~-nucleus level in or-
der to gauge the model dependence of our conclusions.
Two are "exact" and employ the Vincent-Phatak sub-
traction' to remove the q =0 singularity of the
Coulomb potential in momentum space:

U '"'(k', k) =Z Z~e [p(q) —cos(qR, „,)]/q (14)

f (i))=f '"'(9)+ g (2L +1)e (e —1)
L =0

X PL ( cos9) /2ik o,

Here p(q) is the nuclear charge form factor, and R,„, is
the radius at which the Coulomb potential is set to zero
(it is also the radius at which we match the "inner"
phase shift, 5z, arising from the nuclear and extended
charge Coulomb force, to the "outer" one, o.L, arising
from the pure, point charge Coulomb force). In one ex-
act procedure we use the empirical charge form factor in
(14), and in the second we assume p(q) is due to a uni-
form sphere with the same rms radius as the realistic
form factor.

In the exact methods the scattering amplitude is given
by
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FIG. 1. Comparison of the calculated elastic differential
cross sections for n.*+ H at the pion laboratory kinetic energy
180 MeV with the experimental data of Nefkens et al. (Ref. 1).
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FIG. 3. Comparison of the ratios r~, r2, and R at the pion
laboratory kinetic energy 180 MeV with the experimental data
of Nefkens et al. (Ref. 1).
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where f '"'(0) is the point Coulomb scattering ampli-
tude. In the approximate inclusions of the Coulomb
force, the finite size of the charge distribution is included
by multiplying the point amplitude by the nuclear
charge form factor

fCoul fCoul
( ) (16)
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FIG. 2. Comparison of the calculated elastic differential
cross sections for m++'He at the pion laboratory kinetic ener-
gy 200 MeV with the experimental data of Kallne et al. (Ref.
15).

and setting 6L equal to the phase shift due to the pure
nuclear potential U""". Two variations of this approxi-
mate procedure involve evaluating the sum in (15) with
and without the Coulomb phase 0.L. We have verified
that all four procedures produce equivalent predictions
for the 180 MeV data. This indicates that for scattering
at intermediate energies from a nucleus as light as He,
the Coulomb distortion of the wave function upon which
the nuclear force acts is not large enough to depend
upon higher order mixing of the Coulomb and nuclear
forces.

In order to obtain a meaningful comparison of the
super-ratio R with the data, it is necessary to have good
qualitative agreement for the individual differential cross
sections. For this purpose we show a comparison of our
180 MeV parameter-free predictions with the ~+- H
differential cross section data of Nefkens et ar. in Fig.
1, and our 200 MeV calculations with the ~—— He data
of Kallne et al. ' in Fig. 2. Since the neutron' (proton)
in He ( H) has its spin unpaired, and since the isospin —,

'

wave resonates at this energy, there should be more
spin Rip scattering in rr - He (rr+- H) scattering than
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when the pion has the opposite charge. Yet since spin-
flip scattering is largest near 90, we expect the minima
in m - He (~+- H) scattering to be filled in more than
when the pion has the opposite charge. These trends are
confirmed by the data, and we consider the detailed
agreement with experiment rather good for an un-
normalized, parameter-free lowest order, microscopic
theory.

In Fig. 3 we compare the experimental ratios r&, rz
and R, (1)—(3), at 180 MeV with the results of our calcu-
lation. As can be seen in the top of Fig. 3, the theory
predicts a rather flat value for r&, with a slight dip near
80'. This is a consequence of "filled in" minima for both
these charge symmetric reactions. Indeed, this appears
to be the trend of the experimental data. As can be seen
in the middle part of Fig. 3, the cross sections that go
into forming r z both have relatively "unfilled"
minima —but not precisely of the same shape and at the
same angle —and so when we form the ratio of cross sec-
tions, the division by a small number produces a larger
peak in r2 than is present in r&. This trend is also
present in the data. Finally we note in the lower part of
Fig. 3 that the super-ratio is also predicted to have a
peak of a magnitude and shape comparable to experi-
ment, although the absolute magnitude is not in very
good agreement.

In examining the figures, it is valuable to keep in mind
that we consider the improvement in our calculation not
to be an improvement in the fit to R, but rather in the
validity of our theoretical framework and in the agree-
ment with the individual cross sections before the ratios
are formed. And while we would not normally consider
the prediction of the depths of minima as a strong point
for a theory which does not include all higher-order
terms, in this case the minima are filled mainly by first-
order, spin-flip scattering, and only slightly by annihila-
tion terms. What is unequivocal is that the difference in
character for the cross sections that form the theoretical
r, and r2 is caused solely by the direct addition of the
pion-nucleus, Coulomb, and nuclear potential; more sub-
tle charge-symmetry breaking e6'ects, e.g. , at the nuclear
structure, or pion-nucleon levels, appear to be a small
correction to our macroscopic violation. Consequently,
we view the charge-symmetry violation reported by
Nefkens et al. ' as a real e6'ect, the dominant part of
which arises from addition of the pion-nucleus,
Coulomb, and nuclear forces.
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