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Investigation of nuclear charge symmetry by pion elastic scattering from3H and 3He
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We have measured differential cross sections for pion elastic scattering from3H and 3He in the angular
region near the minimum in the non-spin-flip amplitude. Data were acquired for incident pion energies of 180,
220, 256, and 295 MeV. Nuclear charge symmetry is investigated with the aid of several charge-symmetric
ratios formed from combinations of measured cross sections. A particularly intriguing result is obtained from
the superratioR, which is defined as

R5
ds~p1 3H!ds~p2 3H!

ds~p1 3He!ds~p2 3He!
.

R is found to begreater than unity at 180 MeV and significantlysmaller than unity at 256 MeV, with the
transition occurring at around 210 MeV. The charge-symmetry prediction for this ratio~after allowance for the
Coulomb force! is one, and is independent of energy and angle.@S0556-2813~96!00112-4#

PACS number~s!: 21.45.1v, 24.80.1y, 25.10.1s, 25.80.Dj
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I. INTRODUCTION

Over the years ample evidence has been gathered de
strating that electromagnetic interactions alone are not s
cient to explain the existence of a small but persist
charge-symmetry-breaking~CSB! amplitude in the nuclea
force. Some of this early evidence came from studies
isospin-multiplet mass splitting, such as the binding ene
difference between3H and 3He, and the inequality of the
nucleon-nucleon scattering lengths. On the theoretical fr
at least on the nucleon level, much progress has been m
in our conceptual understanding of CSB in terms ofr-v ~and
p-h) meson-mixing models@1–3#. Moreover, theoretica
models now exist that attempt to treat CSB in the framew
of the mass difference of the up and down quarks and
electromagnetic interactions between them@4–6#. However,
at the nucleus level our understanding of CSB is less t
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satisfactory both from the experimental and theoretical vie
points. For a review of the experimental and theoretical s
tus of CSB in the nuclear force, the reader is referred t
recent article on the subject by Milleret al. @7#.

In recent years, the study of pion elastic scattering fr
isospin-mirror nuclei, in particularA52 @8–10# andA53
@11–13#, has provided further indications of CS violatio
Primarily, these studies focused on the behavior of a num
of charge-symmetric ratios determined from the measu
elastic differential cross sections. Specifically, we reprod
here the ratios used in theA53 studies. These include th
cross-section ratiosr1, r2, and the charge-symmetric ra
tios r 1 , r 2, andR ~the superratio!:

r15
ds~p1 3H!

ds~p1 3He!
, r25

ds~p2 3H!

ds~p2 3He!
,

r 15
ds~p1 3H!

ds~p2 3He!
, r 25

ds~p2 3H!

ds~p1 3He!
,

R5r1r25r 1r 2 .

The systematic energy and angle behavior of the cha
symmetric ratios, and in particular the deviation of these
tios from the values predicted by CS~with allowance for the
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Coulomb force! has been interpreted as an unambiguous
dicator of a nonzero CSB amplitude in the scattering proc

The study of the isospin-mirror combinationsp1 3H and
p2 3He ~as well asp2 3H and p1 3He! in the D region,
where the spin and isospin structure of the basicpN inter-
action is dominated by a single partial wave, provides
excellent opportunity for testing nuclear CS. Further, n
only do accurate correlated three-body wave functions e
as input for realistic calculations, but all the isospin pairs
available for pion-scattering measurements as well. In p
ciple, this makes it relatively straightforward to test nucle
CS by exploring systematic differences in the scattering fr
members of isospin pairs, provided that appropriate cor
tions are made for the effects of the Coulomb force.

In this work, we present the results of our pion-trinucle
elastic-scattering measurements~ratios and differential cross
sections! at 180, 220, 256, and 295 MeV. One particular go
of these measurements was to investigate simultaneo
~without the use of a polarized target! the nature of the rela
tive roles of both the spin-flip~SF! and the non-spin-flip
~NSF! amplitudes in thep-nucleus scattering system. Simp
pion-trinucleon kinematics, coupled with the angular beh
ior of the basicpN scattering amplitudes, indicate that th
optimum kinematic region for this study~given the above
energy range! is around 75°~in the laboratory frame!. Essen-
tially, in this angular region, the SF amplitude happens
only to be near its maximum but also is comparable in m
nitude to the rapidly changing NSF amplitude. We note t
the largest CSB effect~for bothA52 and 3 nuclei! reported
thus far is precisely in this angular region. Furthermore,
important role played by the SF amplitude in pion-trinucle
scattering, particularly in this~energy and! angular region, is
amply demonstrated by recent studies@14,15# of pion elastic
scattering on polarized 3He, which report a large
asymmetry—an asymmetry which is directly due to the
terference of thep-nuclear spin-flip and non-spin-flip ampl
tudes.

II. EXPERIMENT

We have measuredp1 and p2 elastic scattering from
3H and 3He. The experiments were performed with the E
ergetic Pion Channel and Spectrometer~EPICS! @16# at the
Los Alamos Meson Physics Facility~LAMPF!. Data were
acquired at incident pion energies of 180, 220, 256, and
MeV. The 256-MeV data include four angle settings~i.e.,
laboratory scattering angles of 50°, 66°, 75°, and 89
whereas the remaining measurements were made at a s

TABLE I. p6-trinucleon cross-section ratios in the angular
gion spanning the NSF dip.

Tp ~MeV! ucm (deg) r1 r2 R

180 78.8 2.36 0.1 0.506 0.03 1.156 0.09
220 75.3 3.56 0.2 0.276 0.02 0.956 0.09
256 82.1 0.506 0.04 1.46 0.1 0.706 0.08
295 80.6 0.106 0.01 6a 0.6a

aLower limit values.
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angle—the angle corresponding to the location of the N
dip in pion elastic scattering from theA53 nuclei.

Our targets consisted of high-pressure gas
(3H, 3He, 2H, and 1H) sealed in cylindrical containers ap
proximately 12.7 cm in diameter and 22.9 cm in length. T
target cells had special aluminum walls with a small diff
sion coefficient for hydrogen and a high tensile streng
Other details of the targets, experimental setup, and, in p
ticular, procedures used to determine the number of atom
each gas sample have been described previously@13,17#.

The precise position of the NSF dip is not well know
However, it is well established that for the pion-nucleo
case, this dip occurs at about 90° in the center-of-mass fra
~for a range of energies centered around the peak of thD

- TABLE II. Charge-symmetric ratios in the angular regio
spanning the NSF dip.

Tp ~MeV! ucm ~deg! r 1 r 2 R

180 78.8 0.996 0.06 1.196 0.08 1.26 0.1
220 75.3 1.006 0.08 0.936 0.09 0.96 0.1
256 82.1 1.06 0.1 0.746 0.08 0.76 0.1
295 80.6 0.8a 0.86 0.2 0.6a

aLower limit values.

FIG. 1. Raw and background-subtracted excitation-energy sp
tra for Tp5220 MeV and a laboratory angle of 69°. Note the larg
difference between the yields forp1 3H ~a! andp1 3He ~b! at this
angle near the NSF dip.
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resonance!. Due to kinematic transformations the location
this dip is expected to shift approximately to 75°~in the
laboratory frame! for the pion-trinucleon case at the peak
the D resonance. Initial exploratory measurements
p1 3He elastic scattering were made around the setting
75° (63°) for incident pion energies of 180 and 256 Me
to locate the position of the dip. A minimum in the norma
ized elastic yield provided this location. Our previous me
surements@13# at 220 MeV and those of Kallneet al. @18# at
295 MeV were used to determine the angular position of
dip for these other energies.

The data-taking sequence was as follows: for each s
tering angle the spectrometer was tuned forp1 elastic scat-
tering from 3H, and we measured, in turn, the yield fro
3H, 3He, and2H. ~The deuterium measurements were ma
for the purpose of background subtraction.! The spectrom-
eter was next tuned forp1 elastic scattering from2H, and
we measured the yield from deuterium and hydrogen. Th
deuterium measurements~after appropriate background su
tractions using the hydrogen data! provide the normalizations
for the p1 elastic-scattering cross sections for3H and
3He. For a few cases, we next tuned the spectrometer
p1 elastic scattering from hydrogen; these data serve a
doublecheck for our normalizations. After thep1 measure-
ments were completed for a given angle setting, the cha
and spectrometer were next tuned forp2, and the entire
data-taking sequence was repeated without further cha
to the experimental setup.

We used several beam monitors to measure the rela
pion flux. These included a primary-beam toroidal curre
monitor ~located upstream of the production target!, a solid-
state detector monitoring the reaction products from the
mary production target, an ionization chamber in the EPI
scattering chamber, and a pair of thin plastic-scintilla
DE-E telescopes located several meters downstream of
~gas! target, primarily to measure muons from in-flight pio
decay. Throughout the experiment these monitors provide
very stable measurement of the relative pion flux, and in
cases, agreed with each other to better than 2%. In orde
remove protons from the incident pion flux, a thick~0.259)
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graphite degrader was inserted in the pion channel. To m
tain similar conditions for thep1 andp2 beams, the same
degrader was used for thep2 measurements.~The electron
contamination of the pion beam was not directly monitore
it is known to be small@19#.!

III. DATA REDUCTION AND RESULTS

Using two-body kinematics and momentum and posit
information for each scattered event as measured with
spectrometer and wire-chamber detector package of
EPICS system, excitation-energy histograms were obtain
Since the EPICS system enables one to reconstruct par
trajectories back to the target position, one can use softw
cuts on histograms of various target projections to rem
scattering contributions from the target walls and supp
flanges. By this technique, an optimum set of software c
was arrived at by maximizing the signal-to-background ra
for each spectrometer setting. The same optimum cuts w
used to replay the entire set ofp1 andp2 data. Displayed in
Fig. 1 are typical excitation-energy spectra showing both
raw and the background-subtracted yields forp1 on 3H
@Fig. 1~a!# and p1 on 3He @Fig. 1~b!# for 220 MeV and
69° laboratory angle.

The normalized elastic yield from each target is obtain
from the number of counts in the elastic peak of t
excitation-energy spectrum and a normalization factor wh
is dependent on several variables, including wire-cham
efficiencies, the survival factor for the scattered pions in
spectrometer, the flux measurement by one of the be
monitors, and the computer live time. For the extraction
ratios of relative cross sections~defined below!, the summing
range of the elastic peak was from21 to 11 MeV. How-
ever, in order to include the total area under the peak for
elastic cross sections, it was necessary to extend the s
ming range from22 to12.5 MeV ~see Fig. 1!. We express
the relative cross-section ratios (r1, r2) and the charge-
symmetric ratios (r 1 , r 2) in terms of the measured yields
r15
@Y~p1 3H!2Y~pbk

1 !#

@Y~p1 3He!2Y~pbk
1 !#

•

N~3He!

N~3H!
,

r25
@Y~p2 3H!2Y~pbk

2 !#

@Y~p2 3He!2Y~pbk
2 !#

•

N~3He!

N~3H!
,

r 15
@Y~p1 3H!2Y~pbk

1 !#

@Y~p2 3He!2Y~pbk
2 !#

•

@Y~p2 2H!2Y~pbk
2 !#

@Y~p1 2H!2Y~pbk
1 !#

.
N~3He!

N~3H!
,

r 25
@Y~p23H!2Y~pbk

2 !#

@Y~p13He!2Y~pbk
1 !#

•

@Y~p12H!2Y~pbk
1 !#

@Y~p22H!2Y~pbk
2 !#

•

N~3He!

N~3H!
,
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whereY(p6A) is thep6 elastic yield forA53H, 3He, or
2H; Y(pbk

12) is the background yield, andN(3H) and
N(3He) are the number of atoms in the tritium and heliu
targets, respectively. As noted in the previous section,
deuterium target cell~with kinematics set for pion elasti
scattering from 3H! was used to obtain the backgroun
yields for theA53 measurements. Likewise, the hydrog
target ~with kinematics set for pion elastic scattering fro
2H was used to measure the background for the deuter
yields. Furthermore, in the expressions for the ratiosr 1 and
r 2 we have assumed thatds(u)@p1 2H#5ds(u)@p2 2H#.
Measurements@20,21# indicate this to be a very good ap
proximation~for the energies and angles of this experimen!.

As noted in earlier work@12,13,17#, the ratiosr1 and
r2 are independent of the absolute beam normalization,
detector efficiency, and solid angle. This is because the s
pion polarity appears in both the numerator and the deno
nator and hence the various flux- and detector-related
malizations cancel. This simplicity provides an elega
method for the extraction of the superratio with minimu
systematic uncertainty. However, this is not the case for
ratios r 1 and r 2, which involve opposite pion polarities. I
these ratios, we note the appearance of the deuterium
malization yields. The extra step involving the measurem
of deuterium yields leads to an additional uncertainty in
value extracted forR from these ratios.

From the measured yields, we also determine thep1 and
p2 elastic-scattering differential cross sections for3H and
3He. The measured (p1 andp2) deuterium yields togethe
with publishedp6 2H cross-section data@20,21# provide the
normalizations for the differential cross sections.

The numerical results for the ratiosr1, r2, and the su-
perratioR ~in the angular region of the NSF dip! for 180,
220, 256, and 295 MeV incident pion energies are listed
Table I. The momentum-transfer range covered by th
measurements extends from 1.7 to 2.4 fm21. Listed in Table
II are the charge-symmetric ratiosr 1 and r 2 ~along with
R). In Tables III–V, we summarize the angular-distributio
data as well as the ratiosr 1 , r 2, and the superratioR for
256-MeV incident pion energy. Finally, in Table VI, we pro

TABLE III. p6-trinucleon cross-section ratios for 256-MeV in
cident pion energy.

ucm ~deg! r1 r2 R

55.7 0.916 0.04 1.086 0.05 0.986 0.06
72.7 1.066 0.06 0.716 0.05 0.756 0.07
82.1 0.506 0.04 1.46 0.1 0.706 0.08
96.2 0.826 0.08 1.36 0.2 1.16 0.2
e

m

e
e
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e
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nt
e
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e

vide the pion-trinucleon elastic-scattering differential cro
sections~at the angle corresponding to the location of t
NSF dip! for incident pion energies of 180, 220, and 29
MeV. In the case of the 295-MeV points only an upper lim
was established for thep2-3He yield. Results obtained from
this yield are identified in the tables as lower or upper limi
The quoted uncertainties reflect the statistical uncertaintie
the extraction of yields as well a 3% systematic uncertai
~folded in quadrature! due to background subtraction proc
dures~described in detail in Refs.@13,17#!.

IV. DISCUSSION OF RESULTS AND CALCULATIONS

A. Experimental results

We note that the ratiosr1 and r2 differ substantially
from unity and from each other; this is not a surprising res
since these ratios are not constrained by CS. Instead, t
ratios reflect the underlying energy and angle behavior of
pN spin-flip ~SF! and non-spin-flip~NSF! scattering ampli-
tudes. It is well established that forward-angle different
cross sections forp-nucleus elastic scattering is dominate
by the NSF amplitude. In the angular region near the N
dip, however, the SF amplitude makes a sizable contribu
to the scattering, and thus must be included in any desc
tion of ther1 andr2 ratios. Furthermore, contributions du
to the SF amplitude are expected to produce opposite tre
in these ratios. We illustrate this point by noting that f
on-resonance pions@for which s(p1p) is '9s(p1n)# the
numerator inr1 ~i.e.,p1 3H) is dominated byp1p scatter-
ing. Both SF and NSF amplitudes contribute to the scat
ing. In the denominator the scattering is mainly from t
spin-paired protons in3He. For this case the simple argu
ment suggests that only NSF scattering is possible bec
the contribution from the SF amplitude is forbidden by t
Pauli principle. When applied to the region of the NSF d
this argument predicts a maximum for ther1 ratio because
of the vanishing NSF amplitude in the denominator. Lik
wise, the same simple picture predicts a corresponding m
mum in ther2 ratio. Despite the fact that this simple pictu
is nearly valid for resonance-energy pions only, the rapi

TABLE IV. Charge-symmetric ratios for 256-MeV inciden
pion energy.

ucm ~deg! r 1 r 2 R

55.7 0.976 0.05 1.026 0.05 0.996 0.07
72.7 1.16 0.1 0.726 0.06 0.86 0.1
82.1 1.06 0.1 0.746 0.08 0.76 0.1
96.2 1.26 0.3 0.96 0.2 1.16 0.4
TABLE V. p6-trinucleon elastic-scattering differential cross sections at 256 MeV.

ucm p1 3H p2 3H p1 3He p23He
~deg! (mb/sr) (mb/sr) (mb/sr) (mb/sr)

55.7 1.66 0.1 1.86 0.1 1.76 0.1 1.76 0.1
72.7 0.126 0.01 0.0816 0.008 0.126 0.02 0.126 0.01
82.1 0.0386 0.005 0.0556 0.007 0.086 0.01 0.0416 0.007
96.2 0.0316 0.003 0.0346 0.004 0.0376 0.004 0.0256 0.004
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TABLE VI. p6-trinucleon elastic-scattering differential cross sections at other energies.

Tp ucm p1 3H p2 3H p1 3He p2 3He
~MeV! ~deg! (mb/sr) (mb/sr) (mb/sr) (mb/sr)

180 78.8 0.606 0.04 0.306 0.03 0.266 0.03 0.596 0.05
220 75.3 0.206 0.03 0.0516 0.008 0.0566 0.009 0.196 0.03
295 80.6 0.0076 0.001 0.0556 0.008 0.0726 0.007 0.009a

aUpper limit value.
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angle-dependent and oscillatory features predicted forr1

and r2 show up prominently both in resonance and o
resonance data. Although the angular behavior of these ra
can be understood qualitatively from the known angular
pendence of thepN scattering amplitudes~for a given mo-
mentum transfer!, the absolute magnitudes of these rati
however, are not so simply interpreted. This is especi
true for the data in the NSF-dip region where~because the
first-order contributions to the scattering are small! higher-
order contributions, including effects due to multiple scatt
ing, cannot be neglected. In essence, there is no simple
torization between effects due to a dominant react
mechanism and those due to the details of the nuclear s
ture.

From the perspective of isospin invariance, the more s
nificant deviation is that of the superratioR, for which CS
would predict a value of unity, provided the effects of t
Coulomb force are taken into account. The superratio cle
deviates from unity~see Tables I and II!. Furthermore, we
note that in the NSF dip,R is greaterthan unity at 180 MeV
and is significantlysmaller than unity at 256 MeV. At 220
MeV, on the other hand,R is consistent with one. The mea
surements at 295 MeV, despite being hampered by v
small cross sections, especially forp2 3He ~hence the lower
limit quote for R), also indicate a much smaller value fo

FIG. 2. The superratioR ~in the NSF-dip region!, showing
clearly the transition from values greater than one to those sm
than one with increasing incident pion energy. The arrow on
295-MeV datum is used to denote a lower limit.
ios
-

,
y

-
c-
n
c-

-

ly

ry

R. It would appear from these data that in the vicinity of t
NSF dip, the superratio undergoes a transition, from val
greater than unity to those smaller than unity as a function
energy across theD-resonance region, with the transition o
curring at around 210 MeV. This transitional behavior of t
superratio is seen clearly in Fig. 2, which shows a plot
R as a function of the incident pion energy. In this plot, w
have included data from one of our earlier measureme
@13# at 142 MeV. Even with the poor statistics for the poi
at 295 MeV~indicated by an arrow denoting a lower limit!,
the downward trend of the superratio as a function of in
dent pion energy is clearly evident. Incidentally, we note t
in this same energy range a similar transitional behav
seems to be exhibited by the asymmetry for pion elastic s
tering from polarized3He @15#.

The individual charge-symmetric ratiosr 1 andr 2 are also
determined by CS and should be equal to unity as functi
of energy and angle. This is certainly the case forr 1, which
is clearly consistent with unity across the NSF dip. Howev
the situation is dramatically different forr 2; it deviates sig-
nificantly from the CS value, and is the origin of the o
served greater-than-one value forR at 180 MeV and the
less-than-one value at 256 MeV. In Fig. 3, we display t
angular behavior of the charge-symmetric ratios for 2
MeV; the data clearly indicate that it is the magnitude a
the angular dependence of the ratior 2 that is primarily re-
sponsible for the observed variation in the superratioR.

B. Comparison with theory

In the recent past, several theoretical model calculati
@22–24# ~based on the multiple-scattering series and the
pulse approximation! have appeared in the literature that a
tempt to explain the behavior of our earlier data, particula
that of the superratio at 180 MeV. For example, the m
thrust of the argument advanced by Kimet al. @22# is that the
Coulomb interaction distorts the nuclear force sufficien
~via the interference of Coulomb and nuclear amplitudes
sulting in a change in the purely nuclear phase! to cause the
observed deviation ofR. Apart from the Coulomb distor-
tions, the main ingredients in their momentum-space optic
model calculation include the experimental charge and m
netic form factors of the three-body nuclei and a seco
order term proportional tor2, the square of the nucleo
density. Although the effect due to the Coulomb repulsi
between the two protons in3He ~which leads to a structura
difference between the3He and 3H nuclei @25#! is not ex-
plicitly included, some compensation for this effect
achieved implicitly through the use of the experimen
charge form factors. The second-order term~the details of
which are not specified! is presumably needed to account f

er
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higher-order inelastic-scattering effects not directly includ
in the standard multiple-scattering series, as well as eff
due to true pion absorption—a channel which is not o
known to be important in this energy region but also one t
exhibits a dramatic isospin dependence@26–28#. Another
important issue raised by their analysis~but not discussed
however! is whether it is appropriate, in pion-nucleon sca
tering calculations, to use as input electromagnetic form f
tors determined directly from electron-scattering data w
the usual attendant uncertainties concerning the role of
change currents. As has been known for a long time@29–31#,
this is particularly worrisome in the case of trinucleon ma
netic form factors, where the corrections due to mes
exchange currents~even at moderate momentum transfer! are
predicted to be large and model dependent.

Kamalovet al. @23# also construct an optical potential~in
momentum space! to describe pion-elastic cross sections
light-to-heavy nuclei. We show in Fig. 4 our differenti
cross sections for pion-trinucleon elastic scattering at
MeV, along with the results of Ref.@23#. The forward-angle
behavior of the cross sections is well reproduced. Howe
significant discrepancy between data and theory exists in
angular region which is nominally dominated by the SF a
plitude. In this calculation, these authors avoid the ambi
ities related to the use of electromagnetic form factors
employing correlated three-body wave functions obtain
from the solution of the Faddeev equations~solved with the
use of the Reid potential for theNN interaction!. Further, in
constructing the first-order potential, Kamalovet al. do not

FIG. 3. Charge-symmetric ratios for 256-MeV incident pion e
ergy. Note that the magnitude of the superratioR near the NSF dip
is significantly smaller than unity, and its shape is determined
marily by the angular dependence ofr 2.
d
ts
y
t

-
c-
h
x-

-
-

r

6

r,
he
-
-
y
d

use the usual ‘‘tr factorization’’ approximation@32# ~where
t is thepN t matrix andr is the nucleon density!; instead
the full integral is evaluated exactly. However, these autho
too, found it necessary to employ a phenomenologic
second-order scalar term in their potential to obtain reaso
able agreement with pion elastic-scattering data for mediu
to-heavy nuclei. For their pion-trinucleon calculations, the
note that theirr2 scalar term is, at best, a crude approxim
tion. Furthermore, ther2 term does not have the necessa
spin and isospin structure. An added uncertainty arises
cause this phenomenological term is known to exhibit
energy dependence, the nature of which is not entirely u
derstood.

Surprisingly, although both Kamalovet al.and Kimet al.
obtain similar results for the 180-MeV differential cross se
tions ~and in good agreement with the data in the forwar
angle region!, their results for the superratio are strikingl
different. In fact, Kamalovet al. predict the superratio to be
lessthan one at 180 MeV andgreaterthan one at 220 MeV,
in complete contrast to the data. Despite disagreeing ma
edly in these predictions for the superratio, the authors
apparently in agreement as to the cause of the observed
havior, namely Coulomb-nuclear interference.

A calculation that leads to a quite different conclusio
concerning the role of the Coulomb force was reported
Gibbs and Gibson@24#. In this calculation, the authors em
ploy an optical potential in configuration space, and use
input neutron and proton densities generated from wa
functions obtained from three-body Faddeev calculation
Nominally, the neutrons and protons are expected to ha
similar distributions. In fact, an argument based on CS wou

-

i-

FIG. 4. Differential cross sections for pion-trinucleon elast
scattering at 256 MeV. The solid curve is the result of
momentum-space optical-model calculation@23# that employs cor-
related three-body wave functions.
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predict identical distributions for the proton in3H and the
neutron in 3He. In the absence of the Coulomb force b
tween the protons in3He, a similar statement would apply t
the protons in3He and the neutrons in3H. Allowing for
structural differences between these nuclei, Gibbs and G
son rescaled the particle densities to fit the pion-trinucle
cross-section data at 180 MeV, and as a result of this fit
procedure~which involves varying the difference betwee
the even-nucleon and odd-nucleon radii!, they were able to
achieve a good description of the superratio. They also fo
that the superratio was little affected by any of the ma
parameters and model assumptions of thepN-scattering cal-
culation; by far the largest effect was due to the difference
the proton and neutron radii. The fitting procedure produ
radius differences~for the odd- and even-nucleon cases! that
were consistent with those determined by Faddeev calc
tions that explicitly included CSB viar -v mixing. From
these results, Gibbs and Gibson concluded that the ma
tude and the angular behavior of the charge-symmetric
tios, particularly that of the superratioR, was indicative of a
significant CSB effect above and beyond that would be
pected from the Coulomb interaction alone. A similar ana
sis of our 256-MeV data is underway@33#.

V. SUMMARY AND CONCLUSIONS

For several incident pion energies—180, 220, 256, a
295 MeV—we have obtained differential cross-section da
spanning the NSF dip, for the scattering of the pio
trinucleon isospin pairs (p1 3H and p2 3He) and (p2 3H
andp1 3He). The charge-symmetric ratios formed from t
cross sections for these isospin pairs provide a measur
CS violation in thepN andpA systems. The superratioR is
found to vary significantly from its CS value; in particular,
exhibits a transition in behavior as a function of incide
pion energy: it isgreaterthan unity at 180 MeV andsmaller
than unity at 256 MeV, with the transition occurring at a
proximately 210 MeV. Reproduction of this feature alo
constitutes a major challenge to all current pion-nuclear s
tering theories. Another observation that these models m
explain is the fact that the angular behavior of the superr
at 256 MeV is determined largely by the angular distributi
of the ratior 2; the ratior 1 is quite clearly consistent with its
ez
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CS value~of one! throughout the NSF-dip region. This fea
ture is also observed in the NSF dip for pion energies of 1
and 180 MeV.

Although several theoretical models are able to achi
reasonably good descriptions for the individual forwar
angle differential cross sections at 180 MeV~and higher en-
ergies!, none, so far, even with the aid of sophisticated thr
body wave functions, has quantitatively reproduced
energy and angle behavior of the superratio without the
plicit introduction of a CSB amplitude above and beyo
that due to the Coulomb force. Interestingly, two mod
~@22,23#! that lead to very similar results for the pion
trinucleon cross sections at 180 MeV produce strikingly d
ferent values for the superratio. What makes this result
usual is the fact that in both models the same phys
process, i.e., Coulomb-nuclear interference, is cited as
primary cause for the deviation of the superratio from its
value. Clearly, the proper inclusion of the effects of the Co
lomb force in the calculation of thep-nucleust matrix is not
a trivial matter. Indeed, theoretical complications arisi
from Coulomb corrections have been noted before@9#, in the
analysis of thep6 2H differential cross sections.

Moreover, it is now generally accepted that a good d
scription of these small pion-trinucleon cross sections, p
ticularly in the very sensitive region of the NSF dip, can on
come about if higher-order effects such as those due to
elastic scattering and true pion absorption are included, w
full preservation of the spin and isospin structure of the ba
pN interaction. In this respect, the energy and angle dep
dence of the relative cross-section ratiosr1 and r2 may
prove to be useful in gauging the sensitivity of the inp
parameters describing the underlying scattering theory.
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