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High-Energy Pion-Induced Double Charge Exchange and Isovector Renormalixation
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The (tt+, tt ) double-charge-exchange reaction for pion energies of 200 to 1400 MeV is calculated
with a zero-parameter Glauber theory that includes spin Aip and pion absorption. Differential cross sec-
tions and excitation functions are obtained for ' C and ' 0 targets. Results for T =300-525 MeV are
compared with recent experimental results and suggest a new quenching process. We have calculated
effects of medium polarization on the isovector pion operator and find a strong reduction in good agree-
ment with data. A pronounced dip in the cross section near T =1300 MeV offers a unique testing
ground for unconventional mechanisms.

PACS numbers: 25.80.Gn, 24. 10.Ht, 25.80.Ls

The pion-induced double-charge-exchange (DCX) re-
action, (tr+, tr ), is unique among reactions using ele-
mentary particles to probe nuclei as it requires a scatter-
ing of the incident particle from at least two nucleons. In
the usual sequential picture, DCX results from two suc-
cessive single-charge-exchange reactions: The z+ scat-
ters from a neutron resulting in a z and a proton; the n

subsequently undergoes another charge exchange, result-
ing in a z and another proton. Thus, this reaction has
been suggested as a probe both of short-range nucleon-
nucleon correlations in the nucleus and of the pion propa-
gation in the nuclear medium.

DCX reactions have generated considerable excitement
and theoretical and experimental work [1,2] since the
pion factories began operation. Most of the work to date
has concentrated in the region of the tr%(3, 3) resonance
and in the lower-energy region around 50 MeV incident
pion energy [3]. The DCX reaction at these energies is
extremely complicated; a plethora of possible mecha-
nisms —successive deltas [4], exchange currents [5],
short-range correlations, six-quark bags [6]—have been
found to contribute to DCX reactions at and below reso-
nance energies. However, at higher energies most of
these mechanisms are not expected to be important and a
theoretical analysis should in principle be simpler.

With the advent [7] of DCX at LAMPF at energies up
to 550 MeV pion kinetic energy and the possibility of
DCX at greater energies at KEK, it is of interest to ex-
plore the nature of the reaction at these higher energies.
Although there have been attempts to describe DCX re-
actions for incident pion energies between 200 and 700
MeV [8], the results reported here are the first to use
modern zA phase shifts at these energies and are the first
systematic DCX calculations for incident energies up to
1.4 GeV which include pion absorption and higher partial
waves.

In the calculations reported here, we confine ourselves
to a discussion of the sequential mechanism. This is the
simplest and —away from the (3,3) resonance —the most

likely mechanism for DCX. We consider only the z as
the intermediate meson although other neutral mesons,
such as the q, p, or A], could be included. Recent work

by Chiang, Oset, and Liu [9] suggests the width of the ri

is much broader in nuclei than previously thought [10]
and should have little impact on DCX.

As one moves into this new energy regime„one should

employ a model that has a minimum number of free pa-
rameters, in which the eAects of higher partial waves may
be explicitly included, and which is readily open to physi-
cal interpretation. We use the Glauber model which has
been found to provide reliable estimates of cross sections
at the lower energies. With increasing pion energies the
model should be more accurate as the xÃ cross section
becomes increasingly forward peaked. The pions can
travel further without scattering and short-range correla-
tions or ofI'-shell eAects are less relevant. The DCX reac-
tion is sensitive to details of nuclear structure [11]. Our
version of the Glauber model [12] explicitly uses shell-

model wave functions and thus incorporates microscopic
nuclear structure eAects.

The amplitude for (tr+, tr ) on a nucleus of 2 nucleons
in the Glauber model is

where b is the impact parameter, k the incident pion
momentum, and q=k —k' the momentum transfer. In
Eq. (1), 1 is the single-particle profile function,

1(b —s) = — d'qh(q)e1

2xik

in which s is the projection of the bound nucleon on the
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impact-parameter plane. The variables k and q in Eq.
(1) are laboratory variables while those in Eq. (2) refer
to the zN c.m. system. The profile function is obtained
from the zN amplitude:

h(q) =h "(q)+8 rh"'(q) (3)

where h t'~(q) =f t'i+t'gt'~(q)o" n with a=s, v. In Eq.
(3), the superscripts s and v refer to isoscalar and isovec-
tor amplitudes and the operators e and r are isospin
operators for the pion and nucleon, respectively, with
n =(kxk')/Ikxk'I. The rrlV amplitudes h(q) are calcu-
lated using a partial-wave expansion rather than the com-
monly used approximation using a Gaussian depending
on q [13]. We can therefore use the rr/V phase shifts and
inelasticity parameters of Amdt's 1987 analysis [14]
without modification. The zN amplitudes were calculat-
ed including partial waves up to an l of 5. EAects of spin
flip are included.

Since the operator in Eq. (1) is a product of 2 one-

body operators, if the shell-model wave functions are
determinants, then the evaluation of Eq. (1) reduces to

the evaluation of a sum of 2 &2 determinants. By using
the Glasgow shell-model code [15], the wave functions
are naturally expressed as a sum of Slater determinants,
and hence, antisymmetry is explicitly included. The nu-
clear wave functions for ' 0 and ' Ne were obtained us-
ing matrix elements obtained by Kuo [16]. The wave
functions for mass 14 were obtained using the matrix ele-
ments of Cohen and Kurath [17]. Oscillator parameters
obtained from electron scattering of a =0.39 fm for
' C and 0.319 fm for ' 0 were used. Thus, this calcu-
lation has no free parameters.

A complication from time ordering arises when charge
exchange is allowed to occur. Clearly, the intermediate

cannot scatter oA a nucleon until it has been created
through an earlier charge exchange. Mathematically,
this is expressed by the noncommutativity of the pion iso-
spin operator 6 with itself. There is no difticulty in the
leading term of DCX as in this case both 6 operators are
necessarily lowering operators which do commute. There
are no problems in the time ordering if we neglect I ' in
the remainder of the operators. These terms were es-
timated to be small in Ref. [12] and a recent evaluation
[18] shows them to be negligible. Hence, we obtain

„"d'~e"'(+..I
2&—I '" I,""",' Q (I rf —)I+,„).

7r
& &j kwi j (4)

The I ' and I" ' are obtained from Eq. (2) by replacing
h (q) with the appropriate expression for h ' or h ' .

In addition we have in this work for the first time in-
cluded in the Glauber formulation eAects of pion absorp-
tion of DCX reactions. This has been done following the
work of Ref. [19] in which the Glauber formalism for
pion-nucleus single charge exchange was modified to ac-
count for pion absorption on two and three nucleons. The
correction is applied by multiplying the distortion factor
Q(1 —I") in Eq. (4) by the additional distortion factor

10

10

1
exp —

I. ImII ~(k, b, z )dz
2k

(s)

where II (k, r) is the piece of the pion self-energy ac-
counting for pion absorption. We find the eA'ects of pion
absorption in DCX are moderate. It reduces the forward
cross section of the ' O(rr+, z )' Ne reaction by 15%
around T =300 MeV and by only 10% around T =500
MeV with even smaller eA'ects as the energy increases.

The eAects of spin flip in the isoscalar and isovector
amplitudes are also moderate except near the (3,3) reso-
nance and around T =1300 MeV. In the latter case
there are large cancellations among the isovector ampli-
tudes resulting in an abnormally small cross section.
Without contributions from spin flip the cross section at
T =1300 MeV would be an order of magnitude smaller.

The results for drr/d0 at zero degrees as a function of
the energy including absorption and spin flip are shown in
Fig. I for ' O(rr+, rr )' Ne. The results obtained by in-
cluding diA'erent partial waves are shown. The f wave

C3
II

O "D

10

10

-3

2OO SOO BOO

T (MeV)

:/-

1400

FIG. 1. DiAerential cross section at 0=0 in the laboratory
system for the ' O(~+, rr )' Ne reaction as a function of the
pion kinetic energy, showing the contribution of several partial
waves. The solid line is the result including all partial waves up
to l=5. EAects of absorption and spin flip are included. The
thick, solid line shows the result when the isovector polarization
is included.
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TABLE I. The center-of-mass differential cross section in pblsr at 5' for the (rr+, rr ) reac-
tion leading to the ground state of the resultant nucleus. The experimental results are from
Williams er al. [7]. The columns labeled TH are the results of theory without polarization and
those labeled THP include the isovector polarization.

TF
(MeV)

300
350
400
450
500
525

Experiment

3.84 ~ 0.54
4. 15 ~ 0.42
3.14 ~ 0.39

3.62 ~ 0.65

14C

TH

1 1.9
14.8
15.1

14.2
13.7
13.5

THP

3.0
3.6
3.8
3 ' 7
3.8
3.7

Experiment

2.68 + 0.37
3.00 w 0.27
3.06+ 0.29
2.94 W 0.33
2.69+ 0.35
2.65 ~ 0.80

18O

TH

8.9
9.4
8.9
8. 1

7.7
7.5

THP

3.0
3.0
2.8
2.6
2.6
2.6

becomes significant above 400 MeV, the g wave above
700 MeV, and the h wave above 1000 MeV. The eIITects

of including the h wave are small up to 1400 MeV; addi-
tional partial waves were not included.

The zero-degree cross section has a peculiar energy
dependence: It is flat around 300-500 MeV as observed
in a recent experiment [7], has a dip around 700 MeV,
rises again with a maximum around 850 MeV, and has a
very pronounced dip around 1300 MeV with a cross sec-
tion 3000 times smaller than around 400 MeV. Results
for ' C(rr+, rr )' 0 are similar. The phase shifts are
poorly known around 1300 MeV and since the small cross
section results from a cancellation among the several par-
tial waves, the absolute magnitude of the cross section
should not be considered reliable. This region may be an
ideal place in which to search for exotic mechanisms that
contribute to DCX but which would be otherwise unob-
servable because of their small contribution.

In Table I we give the values of der/dO at 5' in the
center-of-mass system for the ' O(rr+, rr ) ' Ne and
' C(rr+, rr )' 0 reactions and compare the results with
the experimental ones of Ref. [7]. Theory reproduces the
Hat shape of the excitation function but is about a factor
of 3 too large compared with experiment. This is similar
to the results found in single charge exchange [19] in

which the theoretical results exceeded experiment [20] by
(20-50)%%uo but reproduced the shape. We reiterate that
our calculation employs no free parameters and is there-
fore devoid of the uncertainty engendered by varying pa-
rameters.

The approximate mass and energy independence of the
theory-to-experiment ratio strongly suggests there is a re-
normalization of the isovector pion operator that has not
been previously reported. Such a renormalization is well
known for isoscalar electromagnetic transitions and has
been investigated for pion-induced reactions [21,22]. It
can arise from the processes shown in Fig. 2. These pro-
cesses can be interpreted as a medium polarization in the
t channel induced by the pion source or, analogously, as
the coupling of the pion to the RPA components of the
nuclear excitation. The eff'ect of an isoscalar renormal-
ization on the elastic scattering is small: We have ob-

tained a good reproduction [21] of pion-nuclear elastic
cross sections at these energies using the present ap-
proach. More precisely, our results in Ref. [23] underes-
timate the elastic cross section at small angles by approx-
imately 20% in ' C and 10% in Ca. The eAects of the
Coulomb interaction were not included. Intrinsic uncer-
tainties of our approach to DCX of about (20-25)% must
therefore be expected.

We estimate the isovector renorrnalization by using the
eA'ective interaction given by Speth, Werner, and Wild
[24]. In coordinate space in the isovector channel the in-
teraction is for r6(r —r') where

c'~(in) p( ) f&(ex) I p(r)Jo —~o J
Po po

with Co=380 MeVfm, f '('") =0.33, f ' '" =0.45, and po
the central density. We implement the isovector renor-
malization implicit in Fig. 2 by means of a local density
approximation. A local Fermi sea is assumed at each
point of the nucleus having density po(r); the terms im-
plicit in Fig. 2 lead in momentum space to a geometrical
series which when summed is equivalent to multiplying
the isovector rrN amplitude h ' (q) in Eq. (2) by the
quantity [I —U(q =O, q, p=p(r))fo] ', where U(q, q,
p) is the Lindhard function [25] for particle-hole excita-
tions in nuclear matter of density p.

The inclusion of the renormalization results in a reduc-
tion of the calculated cross section approximately in-
dependent of energy and target mass. The results are

n

FIG. 2. Schematic representation of renormalization of the
zN amplitude.
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shown in Table ] and are in good agreement with experi-
ment. The diA'erential cross sections of Ref. [7] are also
reproduced, as are the single-charge-exchange results of
Ref. [20]. Further details will be published elsewhere
[23].

In summary, we have demonstrated that the isovector
operator appearing in pion scattering is strongly reduced
in nuclei and that this reduction can be understood within
the context of core polarization. Further, there is a re-
gion above 1.2 GeV pion kinetic energy where the pre-
dicted pion-induced double-charge-exchange cross section
is very small for the conventional sequential mechanism.
Although additional work —including pion-nucleon ex-
periments to better determine the elementary zN ampli-
tudes —is required to validate this result, this work sug-
gests that this energy region may be an excellent place
in which to seek new, exotic processes that contribute
to pion-induced charge exchange. The present zero-
parameter calculation, as accurate as possible within the
conventional multiple scattering formalism in its eikonal
form, should serve as a guideline for future experiments
and as a starting point to extract new information from
them when they become available.
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