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Charge symmetry violation effects in pion scattering off the deuteron
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We discuss the theoretical and experimental situations for charge symmetry violation~CSV! effects in the
elastic scattering ofp1 andp2 on deuterium~D! and 3He/3H. Accurate comparison of data for both types of
targets provides evidence for the presence of CSV effects. While there are indications of a CSV effect in
deuterium, it is much more pronounced in the case of3He/3H. We provide a description of the CSV effect on
the deuteron in terms of single- and double-scattering amplitudes. TheD-mass splitting is taken into account.
Theoretical predictions are compared with existing experimental data forp-d scattering; a future article will
speak to thep-three nucleon case.

PACS number~s!: 25.80.Dj, 24.80.1y, 25.10.1s, 25.45.De
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I. INTRODUCTION
The study of CSV in the interaction of pions with nucl

in the Delta resonance region has been of considerable i
est for the last two decades. The interaction of pions w
light nuclei such as2H @1–9#, 3He/3H @9–13#, and 4He @14#
has attracted particular attention. However, we note
quite a large data set also exists for scattering ofp1 andp2

on 12C, 16O, and 40Ca as well@15#.
From the point of view of theory, the advantage of sear

ing for CSV in the scattering of pions from light nuclei
that one can describe pion scattering in these systems
relatively straight-forward manner. With this in mind, w
limit ourselves to the consideration of the scattering of pio
from deuterium,3He, and3H. Moreover, we anticipate tha
CSV effects are considerably diminished in the case of p
scattering from heavier nuclei because of the importanc
processes such as absorption.

First, in order to evaluate the scale of CSV effect,
focus our theoretical efforts primarily onpd elastic scatter-
ing. In a following article, we will develop the formalism
further to investigate CSV in the three-nucleon system.

A detailed analysis of the experimental situation will
given in the next section. Here, we want only to point o
that in order to make a comparison between experime
data related to different projectile or target, we must d
with the same experimental measurables. Historically,
CSV experimental data were given in terms of asymme
Ap for the deuteron

Ap5
ds/dV~p2d!2ds/dV~p1d!

ds/dV~p2d!1ds/dV~p1d!
, ~1!
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and in terms of ratiosr 1 and r 2, and superratioR for the
3He/3H case

r 15
ds/dV~p13H!

ds/dV~p23He!
,

r 25
ds/dV~p23H!

ds/dV~p13He!
,

R5r 1r 2 . ~2!

Both interactionsp13H and p23He for the ratior 1, and
p23H andp13He for the ratior 2 are isomirror interactions
Therefore, if charge symmetry is strictly observed, bothr 1
andr 2 would be equal to 1.0. Of course, the Coulomb inte
action is not charge symmetric and would have to be ta
into account. The superratioR is the productr 1 andr 2. So, if
charge symmetry is universally true,R is also equal to 1.0.

The experimental data suggests evidence for a smal
fect in Ap for the deuteron~e.g.,Ap.2% at 143 MeV@3#!
with some indication of structure at scattering angles aro
90° in c.m. frame. At the same time, a sizable effect
clearly seen in the3He/3H case. For example,r 250.760.1
for Tp5256 MeV andu582° @12#. Theoretical predictions
for the asymmetryAp in the deuterium case were given
Ref. @3#. To describe the asymmetry, authors of Ref.@3# used
a single-scattering approximation with allowance for diffe
ently chargedD ’s ~1232!. In this approximation, the CSV
effect proved to be independent of the scattering angle w
typical value proportional todmD /GD . Approximately the
same approach was used in the3He/3H case in Ref.@9#.

A different approach for the3He/3H case was suggeste
in Ref. @16#. Authors of this paper used an optical potent
to describe the pionic3He/3H amplitudes. The radial depen
dence ofpA potentials was determined in terms of matt
and spin densities for3He and 3H. The Coulomb-nuclei in-
terference effect in the vicinity of minima in differentia
cross sections was reported as the main reason for the
effect in the approach of Ref.@16#. However, this in-
©2000 The American Physical Society03-1
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FIG. 1. AsymmetryAp at different energies.
~a! 30 MeV, ~b! 50 MeV, ~c! 65 MeV, ~d! 143
MeV, ~e! 180 MeV, ~f! 220 MeV, ~g! 256 MeV,
and ~h! 417 MeV for pd elastic scattering. Ex-
perimental data are from Ref.@7# ~open circles!,
@6# ~open triangles!, @3# ~filled triangles!, @9#
~filled circles!, @2# ~open diamonds!, @5# ~stars!,
@4# ~filled squares!, and@8# ~filled diamonds!.
r
or

e-

re
r-
th
e
ia
e

ng

he
a
ne
t f

o

a
o

ct
F

r

ri
n

s
50
-

at
me-

tal
e is
ent
-

e-

ion

be

ute-
terpretation was disputed by Briscoe and Silverman@17# be-
cause the authors of Ref.@16# obtained structure only nea
the 90° inr 2 but could not at all explain the overall behavi
of the experimental data.

In our investigation, we study the role of doubl
scattering on CSV because of mass splitting ofD isobars. It
is widely known that the single-scattering approximation
produces a differential cross section fairly well in the fo
ward hemisphere. But for scattering angles beyond 90°,
double-scattering term is important and should be includ
The influence of multiple scattering terms on different
cross section for deutron case was studied long ago in R
@18–20#. But the influence of double and multiple scatteri
on CSV effects was never studied in detail.

In Sec. III, we explain how the basic ingredients of t
scattering amplitude and constraints such as single
double scattering, and the Coulomb interaction are combi
for pd elastic scattering. These results and the prospec
improvement are summarized in Sec. IV. The3He/3H case is
considered in forcoming paper.

II. ANALYSIS OF EXPERIMENTAL SITUATION

The CSV effect was first observed in the difference
total p6d cross sections in PSI and reported in Ref.@1#. This
has been widely discussed, see, e.g., the book by Ericson
Weise@21#. There have been several measurements for b
p1d andp2d. The first systematic study of the CSV effe
in the differentialp6d cross sections was done at LAMP
and presented in Ref.@22#. Soon after, the asymmetryAp for
Tp5143 MeV was presented for the range of laborato
scattering angles between 20° and 115°@3#. The experiment
was repeated for approximately the same range of scatte
angles atTp5256 MeV @4#. We note that the structure i
the asymmetry seen in Ref.@3# was not seen in the TRIUMF
measurements of Ref.@5#. In the meantime, some indication
for CSV effects were also obtained at low energies 30,
and 65 MeV at TRIUMF@6,7#. We also mention the high
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energy Gatchina data atTp5417 MeV @8# which also shows
some indications on CSV.

We recall that the asymmetry~1!, and ratios~2!, are two
different measures of CSV effects. As in the3He/3H case,
we denote the ratior 5r 15r 2

r 5
ds/dV~p2d!

ds/dV~p1d!
511e.

Then, in the case of small magnitudes of CSV, we get

Ap'e/2.

Clearly, this tiny effect would require high-quality data.
Smith et al. @5# reported a21.5% asymmetry in thepd

cross sections at back angles, with uncertainties of 0.6%
the different angles. The energy dependence of the asym
try between 30 and 417 MeV is shown in Fig. 1.

III. THEORETICAL CONSIDERATION OF CSV EFFECT
IN DEUTERON

We see two possible ways to interpret the experimen
situation. The first way is that one may conclude that ther
really no effect in deuterium in accordance with statem
@5# and that the effect in the3He/3H case is influenced cor
respondingly by specific three-body configurations of3He
and 3H. By this, we mean the possible influence of thre
body, CSV forces which are absent in the2H case and/or
differences in the description of3He and3H wave functions
~WF! as a consequence of an additional Coulomb repuls
between two protons in the3He case~see in this connection
Ref. @23#!.

The second scenario is to suggest that the effect may
seen in both cases2H and 3He/3H, but in deuterium, the
effect is small in comparison with3He/3H. There should still
be some angular dependence for the CSV effect in de
rium. However, Mastersonet al. @3# have shown that within
3-2
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CHARGE SYMMETRY VIOLATION EFFECTS IN PION . . . PHYSICAL REVIEW C62 044003
the impulse single-scattering approximation the angular
pendence for CSV is absent when only scattering via theP33
is considered. The inclusion of othersS and P waves does
not change the situation dramatically as all the phases ex
P33 are small in the region of interest. So, we need to lo
beyond the single-scattering approximation and to cons
multiple scattering of pions.

~1! Single-scattering approximation. Everywhere below,
we shall use the following notations:

kc.m.5
m

m1v
k, w5m1v2

k2

2~m1v!
,

wherev is the pion energy,wi are the masses of isobars, a
here and below indices 124 in the notations of amplitudes
masses and widths mean the corresponding isobar iso
state:

i 51, 2, 3, 4

for

D11, D1, D0, D2.

We supposeGel5G tot5G05120 MeV. The valueswi ( i
51, 2, 3, 4), we calculate according to the formula fro
Ref. @21# @p. 124, Eq.~4.16!#:

wi5a2bIi1cIi
2 ,

where I i is the third component of isospin for thei th term
from the D multiplet. Using the average resonance va
from the PDG @24# w051232 MeV, we get a
51231.8 MeV, b51.38 MeV, andc50.13 MeV. In this
approximation, thepd amplitude is the sum of the two Feyn
man diagrams shown in Fig. 2.

The elementarypN amplitude in terms ofd33(k) phase
looks similar to the following:

FIG. 2. Single-scattering amplitudes forp1d on the proton~a!
and the neutron~b!.
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f̂ pN5
1

2ik
~e2id33(k)21!

21 tW•tW

3
$2kŴ•kŴ81 isW •@kŴ3kW8#%,

~3!

wheresW andtW are Pauli matrices andf̂ pN is the operator in
spin and isospin space of thepN system. The deuteron wav
function in S-wave approximation is

1

A2
cd~p!w2

1 ~eW•sW ! s2 w1*

~herew1 andw2 are the nucleon spinors andeW is the polar-
ization vector of deuteron!, and the expression for amplitud
f 1, which correspond to Fig. 2~a!, has the form

f pd
(1)5

2

Ec.m.
pd E dpW

~2p!3
Ec.m.

pN f 33~kc.m.!cd~pW !cdS pW 2
DW

2
D

3$2~eW•eW8!~kŴ•kŴ8!2@eW3eW8#•@kŴ3kŴ8#%. ~4!

Here DW 5kW2kW8 is the three-dimension momentum transfe
f 33(k)51/2ik (e2id33(k)21); eW (eW8) is the polarization vector

of initial ~final! deuteron;kŴ5kW c.m./kc.m. and kŴ85kW c.m.8 /kc.m.

are the units vectors, wherekW c.m.(kW c.m.8 ) is the momentum of
initial ~final! pion in the rest frame of subprocesspN
→pN.

At this stage, we make some simplifications. We sh
neglect Fermi motion of the nucleon and consider~for a
while! the expression~4! in the static limit, i.e.,v/m→0.
Then, 2Ec.m.

pN /Ec.m.
pd →1, kc.m.→k. So, we get

f̂ pd
(1)5

4

3
f 33~k!$2~eW•eW8!~kŴ•kŴ8!2@eW3eW8#•@kŴ3kŴ8#%

3E CD
2 ~r !ei (DW /2)•rWdrW. ~5!

For this amplitude, the differential cross section with t
unpolarized initial deuteron has the following form:

dspd
(1)

dV
5

32

27
~6 cos2u1sin2u!u f 33~k!u2FD

2 ~D!, ~6!

where FD(D)5*CD
2 (r )eiDW •rW/2drW. This expression agree

with that given in Ref.@3#. The ratio 6:1 between the term
proportional to cos2u and sin2u reflects the ratio of non-spin
flip to spin-flip amplitudes in this approximation.

~2! Charge symmetry breaking effect. First consider the
elementaryp1p amplitude in terms of aD(1232) pole. The
amplitude looks similar to a standard Breit-Wigner amp
tude

f p1p52
1

2k

G1

w2w11 iG1/2
, ~7!

wherew1 and G1 are the mass and the full width, respe
tively, of theD11 resonance. Making a linear expansion
3-3
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this amplitude around the mean value of the massw0 and the
width G0 for the D resonance, we get

f p1p52
1

2k

G0

w2w01 iG0/2 S 11
dG1

G0
1

dw12 idG1/2

w2w01 iG0/2D ,

~8!

wheredG15G12G0 and dw15w12w0. So, using Eq.~8!,
we get that the charge asymmetry inp6d scattering in this
approximation is

Ap5
3

4

CG~w2w0!21~w2w0!CMG0

G0@~w2w0!21G0
2/4#

, ~9!

where the parametersCM andCG are expressed in terms o
D mass and width splitting:

CM5dw41 1
3 dw32 1

3 dm22dm1.4.6 MeV,

CG5dG41 1
3 dG32 1

3 dG22dG1.1.7 MeV.

These values are taken from the Mastersonet al. paper@3#
and are in agreement with the most recent data@24#. The
leading correction in Eq.~9! comes from the factorCM and
later on when looking for CSV effects, we will take int
account this factor only.

Notice that in the approximation considered above,
quantityAp , according to Eq.~8!, does not depend on sca
tering angleu. This is the consequence of the simplificatio
we used. Namely, we took into account the impulse appro
mation with thepN scattering in theP33 wave. As was dem-
onstrated in Ref.@3#, the inclusion of otherS and P waves
does not change the picture dramatically but leads t
smooth dependence ofAp versus scattering angleu. ~Note,
the deviation from calculated constant value is much sma
than the experimental data.! Nevertheless, as was shown
Ref. @3#, the inclusion of the CSV effect in the form~8!
already raises the possibility of describing the observed C
on the deuteron at 143 MeV for scattering anglesu<80°.

~3! Double-scattering approximation. Thepd differential
cross section in the approximation~6! has a minimum at the
scattering angle around 90°, where the non-spin-flip am
tude vanishes. For this reason, the contribution from
double-scattering term may be essential in this region
scattering angles. There are three diagrams for the dou
scattering process which are depicted in Fig. 3. The sum
these amplitudes is proportional to the combination

1
3 @ f 33~k!#21 1

3 @ f 33~k!#22 2
9 @ f 33~k!#2, ~10!

where the last term comes from the diagram with the virt
charge exchange@Fig. 3~c!#. To estimate the contribution o
diagrams of Fig. 3, let us use the so-called fixed-centers
proximation. This method forpd scattering was first used b
Brueckner@25# ~see also Ref.@18#!. Its accuracy was late
estimated by Kolybasov and Kudryavtsev@19,20#.

The expression of the double-scattering diagrams with
elementarypN spin-orbit forces in this fixed centers ap
proximation has the form@20#
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f pd
(2)5 4

3 f 33~k!2F2~u,k!

5 4
3 f 33~k!2~ 12 1

3 ! f 33~k!kŴ i•kŴ j8

3E CD
2 ~r !ei [(kW1kW8)/2]•rW@h1~r !rŴ i•rŴ j1h2~r !d i j #drW,

~11!

where the functionsh1(r ) andh2(r ) are

h1~r !5
eikr

r
2

3eikr

k2r 3
1

3

k2r 3
1

3ieikr

kr2
, ~12!

h2~r !5
eikr

k2r 3
2

1

k2r 3
2

ieikr

kr2
, ~13!

and the factor (12 1
3 ) in the right-hand side of Eq.~11! is

specially introduced to clear up the relation between rela
contributions of the elastic double-scattering term~it is pro-
portional to 1! and the virtual charge-exchange diagram~it is
}2 1

3 ).
This form of the functionsh1(r ) andh2(r ) corresponds to

a certain choice for the off-shell dependence forf pN ampli-

tudes. For more details, see Ref.@20#. In expression~11!, kŴ

and rŴ are the units vectors,kŴ5kW /k, rŴ5rW/r , and k̂i is the
i-component of this vector.

The sum of the single- and double-scattering diagram
this approximation1 is

1We omit temporarily the spin-flip amplitudes taking into accou
only the non-spin-flip amplitudes. The inclusion of spin-flip will b
done later.

FIG. 3. Double-scattering amplitudes forp1d : elastic~a! and
~b!, and with virtual charge exchange~c!.
3-4
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f pd
(112)5 4

3 f 33~k!2@FD~u!cosu1ReF2~u!1 i Im F2~u!#.
~14!

The functions FD(u)cosu, ReF2(u), and ImF2(u) are
shown in Fig. 4. We see from this figure that the amplitu
of double-scattering is strongly suppressed at forward an
versus single scattering. But at larger than 90° angles,
contributions of single and double scattering are compara
Clearly, the inclusion of the interference effects at this an
lar range will be essential.

~4! Spin-flip amplitude. Now, we take into account bot
the non-spin-flip and spin-flip parts of the elementarypN
amplitude~3!. As in our previous discussion, we will tak
into account the single- and double-scattering terms with
any recoil effects~i.e., in the fixed-center approximation!.
The double-scattering term of thepd-scattering amplitude is

f pd
(2)5

8p~Ec.m.
pN !2

mEc.m.
pd

N f33
2 ~kc.m.!E d3qW

~2p!3

d3qW 1

~2p!3
cd~qW !

3cdS qW 12
DW

2
D U

s22k22 i0
. ~15!

HereN is the isotopic factor, which has been already used
Eq. ~10!, for p6d-scatteringN54/951/311/322/9.

The denominators22k22 i0 comes from the pion propa
gator, wheresW5kW11qW 2qW 1 is the virtual pion three-moment
in the lab system.U stands for the expression which includ
the spin effects,

U5Tr$O8S2OS1%, O5
1

A2
eW•sW ,

S252sŴ•kŴ81 isW •@sŴ3kŴ8#, ~16!

S152kŴ•sŴ1 isW •@sŴ3kŴ #.

Here O is spin operator in the S-wave part of the initi
deutron wave function, andO85(1/A2)eW8•sW is the same for

FIG. 4. Amplitudes forpd elastic scattering without spin-flip a
140 MeV. Solid curve givesFD(u)cosu. The real~imaginary! parts
of amplitudeF2(u) is plotted with dash-dotted~dashed! lines.
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the final deutron;S1,2 are spin parts of thepN amplitudes2;

sŴ5sW/s is the unit vector. Let us representU as

U5sŴ i•sŴ jQi j ~17!

and define the integral

I i j 5E d3qW

~2p!3

d3qW 1

~2p!3
cd~qW !cdS qW 12

DW

2
D sŴ i•sŴ j

s22k22 i0
.

~18!

The tensorOi j in Eq. ~17! can be obtained from Eqs.~16!.
The integral~18! may be rewritten in the form

I i j 5J1kŴ i•kŴ j1J2d i j , where kŴ 5kW /k,

kW 5~kW1kW8!/2. ~19!

Here the quantitiesJ1 andJ2 are complex functions, which
depend onk andu. They depend on the deutron WF as we
and are given in the Appendix.

Using Eqs.~17! and ~18!, we obtain forf pd
(2) the expres-

sion of the typef pd
(2);I i j Qi j . Let us rewrite the amplitudes

f pd
(1) and f pd

(2) in the form

f pd
(1)5A1e ie j8Ti j

(1) , f pd
(2)5A2e ie j8Ti j

(2) , ~20!

where the tensorTi j
(1) can be obtained from Eq.~5!, and

Ti j
(2)—from the relationI i j Qi j 5e ie j8Ti j

(2) . Finally, we get

Ti j
(1)52zd i j 1 k̂i8k̂ j2 k̂ j8k̂i ,Ti j

(2)5ai j J11bi j J2 ,

and

ai j 5
1
2 ~513z!d i j 22k̂ i k̂ j13k̂i8k̂ j2 k̂ j8k̂i , ~21!

bi j 54zd i j 15k̂i8k̂ j23k̂ j8k̂i ,

wherez5(kŴ•kŴ8). The valuesA1 andA2 in Eqs.~20! for the
case ofp1d scattering are

A15
2~m1v!

2m1v S f 11
1

3
f 2DFD~u!, ~22!

A25
8p~m1v!2

m~2m1v!

2

3
f 2S f 12

1

3
f 2D S f i5

1

kc.m.

G/2

wi2w2 iG/2D
@here we use more accurate valuesEc.m.

pN 5m1v and Ec.m.
pd

52m1v than in the simplificated version used in Eq.~5!#.
In the case of thep2d elastic scattering, one should subs
tute f 1→ f 4 and f 2→ f 3 in expressions~22!. If D-mass split-
ting is absent, then Eqs.~22! are reduced to

2The technique we used is discussed in more details in our re
paper@26#.
3-5
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A1
(0)5

2~m1v!

2m1v

4

3
f 0FD~u!, ~23!

A2
(0)5

8p~m1v!2

m~2m1v!

4

9
f 0

2S f 05
1

kc.m.

G0/2

w02w2 iG0/2D .

After averaging over initial and summation over final p
larization of deuteron, we can write the final result for t
cross sections(u)[ds/dV as the sum of three terms:

s~u!5s11~u!1s12~u!1s22~u!, ~24!

wheres11 ands22 are the contributions from the single an
double scattering, respectively, ands12 is the single-double
interference term. The expressions for these cross sec
are given below:

s11~u!5 1
3 uA1u2Ti j

(1)* Ti j
(1)5 2

3 uA1u2~115z2!, ~25!

s12~u!5 2
3 Re@A1* A2Ti j

(1)* Ti j
(2)#

5 2
3 Re@A1* A2 @~4111z19z2!J11~8120z2!J2##,

~26!

s22~u!5 1
3 uA2u2Ti j

(2)* Ti j
(2)

5 1
3 uA1u2@ 1

4 ~75190z127z2!uJ1u2

1~16125z115z2!~J1J2* 1J1* J2!

1~34134z2!uJ2u2#. ~27!

Taking into account that the leading CSV correction com
from the mass splitting and this splitting is small, it would
useful to represent the formula for the cross section i
linearized in dmD form. In this limit, the expression fo
asymmetry has the form

Ap52
CM

2s (0)G
H 3~B01B0* !F1

2
s11

(0)~u!1s22
(0)~u!G

12 ReFA1* A2S B01
1

2
B0* D @~4111z19z2!J1

1~8120z2!J2#G J , ~28!

and correspondingly ratior 5112 Ap . HereB05G0/2/(w0

2w2 iG0/2); the valuess (0), s11
(0) , ands22

(0) are defined by
Eqs. ~24!, ~25!, and ~27!, respectively, after substitution
A1→A1

(0) andA2→A2
(0) from Eqs.~23!.

Hence all the CSV corrections depend on the same lin
combination of masses, as in the single-scattering term,
on the parameterCM.4.6 MeV. Note that the inclusion o
the double-scattering introduces no new parameters, i.e.
effect is still primarily dominated byCM .

~5! Coulomb interaction. Now, we consider the fact tha
the charged pions interact with the deuteron by the Coulo
force. The elementarypN amplitude, which corresponds t
04400
ns

s

a

ar
e.,

he

b

the interaction of a pion with a proton viag exchange, is
drawn in Fig. 5. In terms of bispinors, the expression for t
diagram is

Mpp
(g)5

4pe2

t
ū2~k11k2!mgmu1 .

Neglecting the magnetic interaction and adding the Coulo
phase, we finally get for the Coulomb amplitude

f g5
Mpp

(g)

8p~m1v!

52
e2

2kc.m.
2 sin2~u/2!

vm

~m1v!

3expF2
2ie2

kc.m.

vm

~m1v!
lnS sin

u

2D G , ~29!

wheree25 1
137. Below we use the amplitudef g ~29! convo-

luted with the proton density of deuteron as a crude appro
mation to the Coulomb pion-deuteron scattering amplitu
f pd

(g) . We took into account the square of this amplitude
well as its interference with single- and double-scatter
terms. Technically, it is more suitable to introduce in ad
tion to the valuesA1 andA2 the new oneAC :

AC5
2~m1v!

2m1v S f 11 f g1
1

3
f 2DFD~u!. ~30!

In terms of theseA1 , A2, andAC , the cross sectionss11
ands12 now have the form

s11~u!5 2
3 @6z2uACu21~12z2!uA1u2#, ~31!

s12~u!5 2
3 Re$AC* A2@~11z113z2!J1128z2J2#

1A1* A2@~424z2!J11~828z2!J2#%, ~32!

and the expression fors22 is given by expression~27!.
Note, that a fairly thorough study of the Coulomb effec

on pion-deuteron scattering and CSV effects were perform
in Ref. @27#, see also Refs.@3,4#. As we are mainly interested
in looking for CSV effects, which come from the double
scattering term andD-isobars mass splitting, we limi

FIG. 5. Feynman diagrams for the Coulombpp andpd ampli-
tudes.
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ourselves to the Coulomb amplitude in crude approximati
~29!. Note also, that another source of CSV effects in thepd
elastic scattering may come from the direct isospin break
effect in the strongpN amplitudes, see in this connectio
Ref. @28#. We do not consider the influence of this possib
interaction on the value ofAp in this paper.

The curves for asymmetryAp with the Coulomb interac-
tion taken into account are given in Figs. 6. If we consid
the p2d scattering instead ofp1d, we should substitute in
expressions~22! and ~30!: f 1→ f 4 , f 2→ f 3, and f g→2 f g.
From Fig. 6, we see that single scattering does not depen
the scattering angle but a change of sign of the asymm
does occur between 180 and 220 MeV according to the
pression, given by Eq.~9!.

IV. CONCLUSION AND FUTURE PROSPECTS

In this paper, we calculate the charge asymmetry,Ap ,
~due toD-isobar mass splitting! in the elastic scattering o
the pd system. We explicitly combine the contributions
single and double scattering to form the scattering amplitu
In each rescattering, the resonance interaction in the p
nucleonP33 wave is taken into account. The analytic expre
sion for double scattering was obtained in the framework
spin and isospin variables. In addition, the Coulomb inter
tion between the charged pion and the proton of the deute
has been taken into account. The scattering amplitude is
culated within a fixed-centers approximation, i.e., the Fe
motion of the nucleons is not included. Likewise, the int
ference of nonresonant amplitudes in single and double s
tering are not taken into account. This follows from the wo
of Mastersonet al. @3#, where it was shown thatS-wave
single scattering has only a small effect onAp when com-
pared to the effect of theP33 interaction. We also show th
sensitivity of the angular distribution ofAp to double scat-
tering relative to the single scattering approximation.

FIG. 6. Asymmetry forpd elastic scattering with the Coulom
interaction taken into account.~a! 143 MeV, ~b! 180 MeV, ~c! 220
MeV, and ~d! 256 MeV. Experimental data are from Refs.@2–4#,
@6–9#. Notation is the same as in Fig. 1. Solid curves give the to
amplitude. Single~and double! scattering without Coulomb correc
tions is shown by dashed~dash-dotted! curves.
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Our calculations indicate some enhancement ofAp in the
region of angles around 90°. For example, atTp

5180 MeV ~in a range of maximum effect of the delta res
nance! there is evidence for the growth ofAp from 0.002 at
50° to 0.015 at 85°.@We can expect some enhancement
85° due to the behavior ofFD(u)cosu, ReF2(u), and
Im F2(u) shown in Fig. 4.# Clearly, the magnitude ofAp is
not large. However, it is consistent with the magnitude of
experimental data and their uncertainties. Of some conce
the apparent discrepancy between the sign of the calcul
Ap and that of the data. The source of this discrepancy is
yet known and continues to be investigated. Perhaps a m
revealing picture~Fig. 7! is the one showing the energy be
havior of Ap at 85°. Again, the calculatedAp indicates a
change of sign, this time as a function of energy, but the d
error bars are far too large to allow any conclusive sta
ments. We conclude that to confirm these predictions for
asymmetry on the deuteron, one needs to have data tha
approximately 223 times better in precision than current
available.

The results of our study indicate that the contribution
the double scattering as a source of charge asymmetry w
the D mass and width splitting has the same order of m
nitude as the experimental data. This means that double s
tering is an important element of CSV, and should not
ignored. Moreover, because the number of multiple scat
ing diagrams increases with increasing number of nucleo
it is our contention that pion multiple-scattering effec
should be quite important in the study of CSV in the inte
action of pions with nuclei heavier than the deuteron, in p
ticular, 3He, 3H, and 4He.

We note that there are other mechanisms that might p
an important role in CSV for the deuteron and other lig
nuclei, but these are not discussed here. In the cas
3He/3H, one clear example would be the difference in t
3He and3H wave functions. The interested reader is direc
to Ref. @23#, where this case is discussed in detail. In fact
complete classification of possible CSV sources is given
Ref. @29#.
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APPENDIX

Here we give the expressions for the integralsJ1 andJ2:

J15
1

4E dr r 2c2~r !@~3E22E0!h1~r !#,

J25
1

4E dr r 2c2~r !@~E02E2!h1~r !12E0h2~r !#.

~A1!

Here En5*21
11eikrzzndz, k5k cos(u/2)5kA(11z)/2 and

functions h1(r ) and h2(r ) are given in the main text, se
Eqs.~12! and ~13!.

Let us calculate the integralJ1. For this purpose, it is
suitable to use the following representation for under integ
function:

~3E22E0!h1~r !5 (
m51

16

am

eibmr

r nm
. ~A2!

Herenm52, 3, 4, 5, 6, 4, 5, and 6 form51, 2, 3, 4, 5, 6, 7,
and 8, respectively;nm5nm28 for 9<m<16, and

a1522ik21x21,

a256k22x21~11x21!,

a356ik23x21~113x211x22!,

a45218k24x22~11x21!,

a55218ik25x23,

a6526ik23x21,

a7518k24x22,

a8518ik25x23,

b15b25b35b45b55~11x!k,

b65b75b85xk, ~A3!

wherex5cos(u/2). These equations~28! after the replace-
mentx→2x define the valuesam andbm for 9<m<16 as
am5am28 andbm5bm28.
04400
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In calculations, we use a realistic deuteron wave funct
~in S-wave approximation! of the Bonn potential@30#, pa-
rametrized asc(r )5( ici(e

2a i r /r ), wherea i.0. With this
form of c(r ), we get

J15
1

4E (
i jm

cicjame( ibm2a i2a j )r
dr

r nm
. ~A4!

To evaluate this integral, one may use a general relation

E
0

`

(
i

cie
aix

dx

xni
5(

i
ci

ai
ni21

~ni21!!
@Sni212 ln ai #,

~A5!

whereSn5(k51
n 1/k andS050. The formula~27! is derived

for the caseni>1 and is valid if this integral converges~i.e.,
Reai,0 and the under integral function is finite atx→0).
These conditions are satisfied for the integral~26!, and we
finally get

J15
1

4 (
i jm

cicjam

~ ibm2a i2a j !
nm21

~nm21!!

3S Snm212 lnA~a i1a j !
21bm

2 1 i atan
bm

a i1a j
D .

~A6!

To obtain the expression forJ2, one may use the analogou
representation

~E02E2!h1~r !12E0h2~r !5 (
m51

14

am

eibmr

r nm
. ~A7!

Herenm53, 4, 5, 6, 4, 5, and 6 form51, 2, 3, 4, 5, 6,
and 7, respectively;nm5nm27 for 8<m<14 and

a1522k22x21~11x21!,

a2522ik23x21~113x211x22!,

a356k24x22~11x21!,

a456ik25x23,

a552ik23x21,

a6526k24x22,

a7526ik25x23,

b15b25b35b45~11x!k,

b55b65b75xk, ~A8!

wherex5cos(u/2). These equations~A1! after the replace-
mentx→2x define the valuesam andbm for 8<m<14 as
am5am27 and bm5bm27. Thus, for the integralJ2 we get
the similar equations~28! in which the valuesnm , am , and
bm are defined by Eqs.~29! and ~30!.
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