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Two-body pion absorption on sHe at threshold
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It is shown that a drastic reduction of the ratio of the rates of the reactions He(s, nn, ) and
He(n, np) for stopped pions is obtained once the effect of the short range two-nucleon components

of the axial charge operator for the nuclear system is taken into account. In a calculation using
simple wave functions but employing realistic models for the nucleon-nucleon interaction in the
construction of these components of the axial charge operator, the predicted ratios can be brought
to within 10—20%%uo of the empirical value.
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I. INTRODUCTION

A natural Ansatz for the description of nuclear pion
absorption and production reactions in the near thresh-
old regime, where the reactions mainly involve S-wave
pions, is to express the reaction amplitudes in terms of
the axial charge density operator of the nuclear system
[1]. This operator is formed of a single nucleon term
and a two-nucleon "exchange current" term. The lat-
ter separates into a long-range pion exchange term, first
derived in [2), and a short-range term, the most impor-
tant part of which can be determined directly from the
nucleon-nucleon interaction [3]. Direct evidence for the
short-range component was recently found by the quanti-
tatively successful explanation of the reaction pp + pps'o
near threshold [4], to which the main pion exchange term
does not contribute [1]. This important role of the short-
range part of the axial exchange current operator has
been substantiated in subsequent work [5,6].

In this paper we apply the Ansatz of describing nuclear
S-wave pion absorption by the axial charge operator to
the case of absorption of stopped negative pions on sHe.
This reaction, for which the isospin structure of the nu-
clear states involved is richer than that in the case of the
reaction pp + ppn', is less selective and therefore the rate
also has an important long-range pion exchange contri-
bution. Yet if only this rescattering contribution is taken
into account in addition to the single nucleon operator
an overprediction by more than an order of magnitude
of the empirical ratio [7] of the rates for production of
nn and np pairs results. The objective of this work is
to investigate whether this problem can be resolved by
the efFect of the short-range contributions to the axial
charge operator, which were recently found in Ref. [1]
to provide the explanation for the cross section for the
reaction pp —+ @pe near threshold.

As a 6rst step, we only consider the ratio between the

total absorption rates which can be reasonably estimated
by a calculation using simplified wave functions. The ini-
tial three-nucleon wave function is assumed to be of an
s-wave harmonic oscillator form. The nuclear distortion
effects on the absorbed pions and the outgoing nucleons
are also neglected. These simplifications lead to a formu-
lation in which the role of short-range mechanisms can
be most easily exhibited. We will show that when real-
istic models for the nucleon-nucleon interaction are em-
ployed in the construction of the short-range components
of the axial exchange charge operator, a very satisfactory
account of the recent data [7] on the predicted ratio of
the two-nucleon absorption processes He(z, nn)p and
sHe(z, np)n is obtained. The short-range corrections
reduce the predicted value by the required large factor
so that the final predicted ratio exceeds the empirical
value 6.3+ 1.1 [7] by only 10—20%, the range of variation
arising Rom the differences between the potential models
considered.

In Sec. II we review the derivation of the S-wave pion
absorption operator, as it appears when constructed from
the axial charge operator. The formalism for calculating
the absorption rate for stopped pions by a pair of nucle-
ons in a given eigenchannel is then presented in Sec. III.
The numerical results and discussions are given in Sec.
IV.

II. THE 8-WAVE PION ABSORPTION
OPERATOR

We shall take the effective Lagrangian for the inter-
action between low energy pions and nuclei to have the
form

Z(x) = ——A (x) 8"P(x),
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where P is the pion field, f is the pion decay constant,
and A„ the axial current density of the nuclear system.
This Lagrangian density is the direct generalization of
Weinberg's effective Lagrangian for the pion nucleon sys-
tem [8]. In the case of a single nucleon the axial current
operator has the form

A„(0) = ig~u(p')p„—u(p), (2)

and thus in this case Eq. (1) is equivalent to the
usual pseudovector vrNN coupling model, since by the
Goldberger- Treiman relation the coefFicient g~/2 f can
be expressed as

gA f~NN

2f m
(3)

where f ~~ is the pseudovector coupling constant.
The interaction Eq. (1) implies the S-wave pion pro-

duction and absorption at threshold is determined by the
axial charge operator, which in the case of a single nu-

cleon is

FIG. l. Axial exchange current operator arising from in-

termediate NN pairs that contribute to the NN ~ NNx
reaction.

Aq
———sm~(aq + 2as), A2

——sm (aq —a3) .

m' 2
m(~ p) gQ p 0 'k2

7.1 x 2

2f„(a'+ )(a +
+(1++ 2) . (5)

Here the symbol (1 ++ 2) represents interchange of all the
coordinates of the nucleon pair. We denote the fractions
of the momentum k of the absorbed pion that are im-

parted to the two nucleons as kq and kz(k = kq + k2).
In the limit m~ ~ infinite the harp exchange operator Eq.
(5) reduces to the pion exchange operator of Ref. [2].
As noted in Ref. [9], it in this limit also corresponds to
the isospin asymmetric term (v x r ) in the usual form
for the S-wave pion rescattering operator calculated us-

ing the usual pseudovector xNN coupling and the con-
ventional effective Hamiltonian for S-wave AN scattering
[10,11]:

8~~ f.w~ ~' k2

m m2+kz m 2m

x~ + 1&2 (6)

Here cu2 is the energy of the exchanged pion and u that
of the initial pion. The coeKcients A1 2 are the following
combinations of the two S-wave pion-nucleon scattering
lengths aq s.

'r
Ao(0) = —g~o v —,2'

where v is the nucleon velocity operator.
The most important two-nucleon contribution to the

axial charge operator is found in Ref. [3] to be the mp-

exchange operator, which has the form

The n p component Eq. (5) of the axial exchange charge
operator is obtained by choosing the following values for
the coupling constants Aq 2 [9]:

m2
Al=o, %2=

2
=004

16m f2 (8)

which agree well with the values extracted &om m N phase
shift analyses [12,13].

The short-range components of the axial exchange
charge operator that were found to be important for the
cross section of the reaction pp ~ ppmo near threshold
correspond to two-nucleon operators that arise when the
axial field excites intermediate negative energy compo-
nents of the nucleon (nucleon-antinucleon "pairs" ), which
are then deexcited by the short-range components of the
nucleon-nucleon interaction (Fig. 1) [1]. Although these
contributions are most readily derived by employment of
explicit boson exchange models, the corresponding op-
erators can be constructed directly from any existing
nucleon-nucleon interaction model, if that is expressed in
terms of Lorentz invariant spin-amplitudes as, e.g. , the
Fermi invariants. This construction has been presented
in detail in Refs. [3,14].

In the decomposition of the nucleon-nucleon interac-
tion in terms of Fermi invariants the short-range compo-
nents are contained in the amplitudes S, V, T, and A
(the P amplitude contains the long-range pion exchange
term, which has to be dropped once the xp exchange con-
tribution above is included explicitly in the pion rescat-
tering contribution). Numerically the most important
of these short-range axial exchange charge operators are
those that are associated with the scalar (S) and vector

(V) invariants:

2
A (S) =

& ~
[v& (k2)v + v& (kz)r ]o Pz + —v& (k2)w x 7" cr . k2

~
+ (1 + 2),

2
A (V) =

2 [v&(k2)r + v&(k2)7 ] ~

o. P2+ —o x o' k2
~

+ —v&(k2)7 x r o k2 + (1++ 2) . (9)
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Here we have de6ned the nucleon momentum operators

Pi 2 for the two nucleons as (pi,2+ pi 2)/2, respectively.
The potential components vg and v~ can be given a

direct interpretation as scalar and vector meson exchange
potentials. In the case of a single meson exchange model
these would have the expressions

(10)

(~v
'

v(q)
( +)2 +

Here m+ and m+ are the masses of the isospin 0 and 1S V
scalar and vector mesons, respectively, and g& and g& are
the corresponding scalar- and vector meson-nucleon cou-

pling constants. Below we shall use the notation o and b

to denote the isospin 0 and 1 scalar mesons, respectively.
Using the expressions above in defining the efFective

Lagrangian Eq. (1), the transition T matrix for the ab-
sorption of a pion with charge a and momentum k by a
nuclear system can now be written as

We shall here restrict the expressions to the limit k -+ 0.
The choice of the kinematic variables for a two-nucleon
system are indicated in Fig. 1. For the one-body operator
A~ i (k) we obtain from Eq. (4) the matrix element in the
momentum representation,

O' P
(pilA."'Ipi) = &(2~)'(-1) ~.'

mpf

Here the coefficient C has been defined as

. ~(k) 1 fNx
(2m)s/2 g2~ (I(,) m

(14)

In terms of the kinematical variables in Fig. 1, the
contribution of pion S-wave rescattering term Eq. (6) to

two-body axial exchange charge operator A~ l (k) is given

by the matrix element

Sf —' 6f —i 2vrb'i i (Py —P; —I( ) (4'y~A (k) ~@,) ) (12)

where the axial charge density is formed as the sum of
one- and two-nucleon contributions

A (k) = A~ l(k) +A~ )(k) .

(p(pv[A~"~(k)[pvpv) = C v„(q)(—1) r — " v'[r x rvl j
vv q+ (1 vv 2) .

m~ 2m'

Here v represents the pion exchange interaction without coupling constants:

(16)

where F (q) represents the vertex form factor, which here has been taken to be the same at the S- and the P-wave
vertices.

From the short-range components of the axial charge operators defined in Eqs. (9) we obtain the following explicit
contributions for the scalar and vector exchange mechanisms (0, u for isoscalar and b, p for isovector):

(19)

(21)

Here we have used the notation

(22)

where S; = —1 for i = o, b, S; = +1 for i = u, p, and the
g s are the corresponding meson-nucleon-nucleon cou-
pling constants. In the case of the Bonn potential model
[15] the form factors and coupling constants are deter-
mined by a fit to nucleon-nucleon scattering data (here
we use the parameters values in Table A.3 of Ref. [15]).
Note that the terms due to the tensor coupling of p and

(p', p2~A' '(k)~pip2) = &(—1) r', v. (q)0' Pi+ (1~2), (is)
mN

(pip&~A "(k)~pip2) = &(—1) r', vb(q)0' Pi+(1~ 2),
mN

(p[pv[l&.''(~)lpvpv) 0( 1) r v v (q)(v pv+ —v xvv qI+(1~2), (2o)
m pf

(p', p', ~A~ (k) ~pip2) = C(—1),v~(q)
~

r'(~' P, + —(r' x (r' q) ——[~' x 7'] 0' q + (1 w 2) .
m~

[

u vector meson were found [3] to be unimportant and
hence are neglected here.

For a general nucleon-nucleon potential, such as the
Paris potential [16] used in this work, the derivation of

q +m, axial charge operator can be done [3,14] by the expan-
sion of the potential in terms of Fermi invariants. The
resulting expressions are the same as above except that
the radial functions v (q), vs(q), v (q), and vp(q) are re-
placed, respectively, by v&+(q), v& (q), v&+(q), and v&(q).
In this work we consider the Paris potential [16] and use
the vz (q) and v&(q) calculated in Ref. [14].

The above expressions are used in the numerical cal-
culations of m absorption on 3He at threshold reported
below.
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III. TRANSITION RATE FOR THE REACTION
'He(m, NN)

The kinematics of the reaction He(m, NN) in the He
rest &arne is illustrated in Fig. 2. As we are interested
only in the ratio between the absorption rates, which
is not expected to depend sensitively on the wave func-
tions, we shall neglect the nuclear distortion eKect on

the absorbed pions and the outgoing nucleons. For sim-

plicity the He wave function is taken to be of a sim-

ple harmonic oscillator form with the oscillator param-
eter value b = 1.36 fm. It then has the separable form

4(P)4)s T (p), where P and p are the total and the rela-
tive momentum of a pair of nucleons in 3He, respectively.
With these simplifications and the kinematic variables
shown in Fig. 2, the total transition rate of the reaction
sHe(vr, NN) is then determined by the quantity

P =.. ) ) dPdpb'1 ~ (k) —e—3 ( 3P'
4m~

fag TA s 1 y YA s 2

2

1

I+'(P) I'

x ) ) (SsMsm» lj m~)(TwMT m, ltmq)(pram„m~, t p2m„m, 1AlgP&&' t k, n)
S,T Mg, Mz

(23)

P, = ) (T'MT, lr7 m, m, ) (T7 M&m~, ltmq)

wP

x (T'MT, IITIMT'ot) g(p &) (24)

where

s(» )t) = l f &Pli@(p)li'Ii(~ sli~lis)s)li' (25)

with p = [m~(m —e —3P /4m~)] ~ Here we h.ave in-

troduced abbreviated partial-wave notations P: [LS]JT
for the initial two-nucleon bound state, and p: [L'S']J'T'
for the ejected two nucleons. The matrix element of A has
contributions &om one-body term and two-body terms
defined in Sec. II

where r = s = 1/2,j = 1/2, and t = mq ——1/2 are
the spin and isospin quantum numbers of He, and ob-
viously m„= m~ —Ms, m~, = mq —MT. The isospin
quantum numbers and the momenta of the ejected two
nucleons are (m, , m, ) and pq

——P+ p/2, p2 ——P —p/2.
The momentum and the charge of the pion are respec-
tively denoted k and o.. The outgoing two-nucleon state
is properly antisymmetrized.

In the stopped pion limit k ~ 0, Eq. (23) can be
written in the partial-wave decomposed form

h pl&16) = 8' pl&" 16)+).h' pl&" l&n) (26)

where i = vr, o, b, p, ~. The contribution &om the one-
body term is

(pt p'l&~ lou) = —B(2~)' "
4'~Lsj JT(p) (27)

m~ mN

where Q~Lsj~T (p) is a general bound state wave function.

For an S-wave harmonic oscillator wave function of He,
we have L = O, J = S and only [S,T] = [0, 1], [1,0],
are permitted by the Pauli principle. The radial wave

$2 2

function is P~o sjs T(p) = 4)(p) = Ne s ~ . The angu-
lar momentum coupling in Eq. (27) is isolated in the
coefficients B. We find that

B = a LL'S'( —1)i + lbJt JSMMt
2 (27()@)2

�

/1 L' I') S L J"loool Ls1 (28)

The matrix element of the pion S-wave rescattering term
1s

, p'la~ F14) ) = B "",[~L,L(L') BL,,'(L)l—
(29)

where

tts"s(t) = f s*dst)~" (s' s)4[ss]ss (s)s

tts"s(t) =S'f tt'~t'+& ( St')O'I s]ss(s)tt (3o)

with

+1
(p p) = (2~) +~(*)d» (p —p)—1
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where z = p p. Defining similar partial-wave projected integrals for the i = 0, h, p, and u meson exchange contribu-

tions, we then get the expressions

h p'I&( )l&u& = & ",(&i i(1')+ &i i(1))(s'T'llo~llsT)
2f 2m~

(~,p'1&."leap& = B ",(-(~g g(L') + &g g(L))(S'T'IIO~IIST&+ K~(~'Di(1') —&i i(L))(S'T'IIO41IST&) (34

(» p'I&."14'n) = & 2 ( [~i"i-(1')+ &g'g(L)](S'T'IIO I2IST&

+v ~[&i"i(L') —&i )i(1)l((s'T'llo411sT& + (s'T'1 los 11sT))j .
1

(35)

0, = r'o' —v'cr2

02 =7 8' —7 CT )

03 —— T XT (0' +0'))

O, = (T"'+ T') 0' x 0' . (36)

It is then easy to show that

=6ST[(—1)( + ) —(—1)( + )]
T' T 1 S' S 1
1/2 1/2 1/2 1/2 1/2 1/2 (»)

The reduced matrix elements in the above equations are
defined by the spin-isospin operators

The employment of uncorrelated wave functions re-
stricts the applicability of the formalism presented above
to the calculation of total rates only. The prediction
of angular distributions would require that at least the
final-state interactions be treated [6,17). The employ-
ment of harmonic oscillator model wave functions, which
do not take into account the short-range repulsive inter-
action between the nucleons also will overestimate the
short-range part of the two-body operator. It was found
in Ref. [18) that the correlations would reduce the ma-
trix elements of the short-range components of the axial
charge operator by only 10—15% in the case of the poten-
tial models considered here. The main reason is that the
two-nucleon axial charge operators used are constructed
&om realistic nucleon-nucleon interaction models, which
are regularized at short range. This overestimate is ex-
pected to be even smaller in the present pion absorp-
tion calculation, since the outgoing two nucleons are in P
states near threshold, and thus the radial wave functions
vanish at short range by the centrifugal barrier. The for-
mulation presented in this section is therefore sufhcient
for our exploratory investigation.

IV. RESULTS AND DISCUSSION

T' T 1 S' S 1
1/2 1/2 1/2 1/2 1/2 1/2

It is interesting to first note that all transition matrix
elements, Eq. (27) and Eqs. (29)—(35), depend on the

(S'T'110s11ST) = 6y 18ST[(—1) + (—1) ]
T' T 1

x & 1/2 1/2 1
1/2 1/2 1

(39)

(S'T'110411ST) = 6~18ST[(—1) + (—1) ]
S' S 1 TI T 1x ( 1/2 1/2 1 & 1/'2 1/2 1/'2

1/2 1/2 1

p
p =P+—

2

p
p =P-—
2 2

-P

FIG. 2. Kinematics of He(s, NN) reaction in the rest
kame of He.
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same geometric factor B defined in Eq. (28). Evaluating
this factor of an initial S-wave (L = 0)NN pair, it is
easy to see that only the following transitions can occur
in the reaction He(vr, NN):

fll = g( PO, SO)

flo = g( Pi Sl)

= 1+6 (41)

The pion rescattering term A( ), Eq. (29), gives a very
small contribution to fii because its main (A2) term de-
pends on the isospin operator w x v" and therefore its
matrix element between two T = 1 states vanishes. The
remaining term gives only a small contribution because
the coefficient Aq 0, as discussed in Sec. III. On the
other hand, the pion rescattering term gives a large con-
tribution to the transition between T = 1 and T = 0
states (i.e., fio) and hence the prediction based on the
sum of the single nucleon contribution A~ ~ and the pion
rescattering term A~ ~ is very large, as shown in the first
row of Table I.

In Table I we also show the eH'ects caused by the
short-range absorption mechanisms as calculated using
the Bonn [15] and Paris [16] potential models. By com-
paring rows 1—3, it is seen that the short-range correc-
tions due to the rr and u exchange mechanisms (or more
generally from the isospin independent scalar and vector
exchange mechanisms) drastically reduce the predicted
ratio. The contributions kom isovector b and p exchanges
are less important, but are significant in further reducing
the predicted ratio toward the experiinental value [7]. Al-

though the contributions &om the individual two-nucleon
mechanisms dier between the two potential models, the
net result obtained by taking all of them into account
is quite similar and close to the experimental value. As
pointed out in Sec. III above we do not expect the nu-
merical results to be very dependent on the schematic
wave function model used here, although the short-range
mechanisms may be overestimated here by 10—15%. This
situation is in agreement with that found for the reaction
pp —+ ppm near threshold [1].

The results presented in Table I further strengthen
the case for the importance of the short-range pion ab-
sorption mechanisms [1]. It will be interesting to ex-
plore whether this model also is able to resolve several
long-standing problems associated with nuclear pion ab-
sorption at higher energies. In the case of the two-
nucleon system, all existing unitary xNN calculations

Here the rate factor g is that defined in Eq. (25), and
we use the standard spectroscopic notation 2s+iL~. The
subindices on the f's indicate the total isospin T' and T
of the final and initial two-nucleon systems. Evaluation of
the Clebsch-Gordan coefficients in Eq. (24) leads to the
following ratio of the absorption probabilities [P
defined in Eq. (24)] for negative pions:

He(7r, nn) P i/2 i/2. i
He(7r, np) P i/2 i/2. i

TABLE 1. The ratios R = He(7r, nn)/ He(x, np) as pre-
dicted using the Bonn [11] and Paris [12] potential models in
the construction of the two-nucleon operators are compared
with the experiment value [7]. The absorption mechanisms
included in each calculation, de6ned in Eq. (27) and Eqs.
(29)—(35), are indicated in each row.

Mechanism
A'"+ A' '

A(» + A(-+-)
A(I. ) + A(~+~+~)

A(1) + A(~+cr+~+b)

A(1) + A(+~+cr+ur+b+p)

&Bonn

533.42
74.30
12.40
11.77
9.786

&Paris

533.42
208.12
16.81
11.88

8.0349

&expt.
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[19] based on pion rescattering mechanisms (including S
and P7rN partial waves) fail to give satisfactory descrip-
tions of the analyzing powers for the reactions m+d ~ pp
and NN ~ 7rNN. Although the short-range absorption
mechanisms that involve intermediate NN pairs (Fig. 1)
is in general weaker than the pion rescattering term, they
can nevertheless have large eKects on the polarization ob-
servables through interference with the large pion rescat-
tering amplitude. This can be explored straightforwardly
within the unitary ~NN formalism developed by Lee and
Matsuyama [20].

It will be also interesting to investigate the eHect of
the short-range absorption mechanisms on sHe(m, np)
reaction in the 4 region. This reaction involves small
contribution &om the 6 excitation, since the dominant
Nb, S-wave intermediate state is excluded [21,22] for an
initial So pp pair in He. The angular distributions of
this reaction as well as the energy dependence of the ra-
tio of He( 7rp+p)/ He(m, np) have not been well under-
stood [21]. The calculation of Ref. [6] only succeeded in
describing the shapes of angular distributions up to the
4 region, but not the energy dependence of the absolute
normalization. It will be interesting to see whether this
problem can be resolved by using the unitary formula-
tion of Ref. [20] and including the short-range absorption
mechanisms described in this work. A rigorous theoret-
ical calculation of two-body absorption on He is essen-
tial for extracting &om the data the contribution Rom
three-body absorption mechanisms which have been em-
pirically established in Ref. [21].
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