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Impact of pp,' ppm data to negative-pion absorption on proton pairs
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Recent data on the reaction pp ~ ppvr close to threshold indicate unexpectedly large s-wave
pion production, with a possible explanation from a heavy meson exchange contribution to the axial
charge. An amplitude with the same quantum numbers appears also in negative-pion absorption
on proton pairs in light nuclei. In this paper the efFect of this enhancement is estimated and found
to be significant in the observables of absorption on He. Also some predictions are given for the
qualitative efFect in pn M (pp)s
PACS number(s): 25.80.Hp, 13.75.Cs, 13.75.Gx

I. INTRODUCTION

Pion production and absorption in the two-nucleon
system has been considered to be "reasonably" well un-
derstood [1] either on the basis of the two-baryon formal-
ism or by three-body methods once the most relevant mN
resonance, the b, (1232), and pion s-wave rescattering are
included. However, extensions to more than two baryons
are not easy. Also in multinucleon systems there are situ-
ations where two-baryon aspects are emphasized and one
can expect to be realistic even if the calculation explic-
itly involves only one pair of nucleons. Such a special
case is, for example, pion absorption on a nucleon pair
in the quasi&ee region —i.e., two fast nucleons emerging
&om the reaction at the so-called conjugate angles have
picked up essentially all the energy with the rest of the
system staying as a spectator. Even in spite of this sim-
plifying emphasis on the two-nucleon absorption with as
little consideration to the rest of the nucleus as possible,
one might expect some sensitivity on the nuclear environ-
ment. At the very least the relative wave function should
be diferent &om the only stable genuine two-nucleon sys-
tem, the deuteron. Over the last decade cross sections
of this process have thus been measured in several ex-
periments in the meson factories [2—4]. A recent review,
especially on experimental data, can be found in Ref. [5].

A quasi-two-body model calculation for pion absorp-
tion on He has been recently attempted for both positive
[6] and negative [7] pions. Although in the former pro-
cess, considered as absorption on a quasideuteron, the
angular distribution can be described, the model is not
yet successful in predicting the polarization observable
P„[8]. However, the qualitative features of low energy
negative pion absorption could be produced. Because the
neutron-proton pair emerging &om m absorption on a
diproton can have either isospin zero or one and conse-
quently a given spin amplitude can have both parities,
there is a forward-backward asymmetry in the cross sec-
tion. At low energies more protons go backward than
forward in the center-of-mass system of these two nucle-
ons. This can be understood in an intuitive picture where
the nucleon going forward has picked up the momentum
of the absorbed pion as well as its charge. However, this
asymmetry was not trivial to produce quantitatively in

theory.
In Ref. [7] it was shown that for 62 MeV pions this

asymmetry can be satisfactorily explained in terms of
mesons and baryons, if the Galilean invariant AN cou-
pling operator [9]

II tv' = —o q r. P(x)
P

' [p~ P(x)+~ P(x) p] (1)

is used (the notation is explained in Sec. II). This form
arises directly &om the relativistic pseudovector coupling
(or from the pion coupling to the axial charge and current
of the nucleon). Earlier work [10] omitting the second
term could not produce the correct forward-backward
asymmetry of the differential cross section. Vhth some
hindsight this is natural, since the dominant of the two
terms was omitted in 8 wave absorption. Later a quark
bag calculation [11] using a similar 7r-quark coupling as
Eq. (1) succeeded in this, raising speculations about the
role of quarks in this reaction. Now, in the light of Ref.
[7] it is clear that the latter Galilean term produces an
8-wave absorption amplitude of the right sign also at the
hadron level. Due to the limited angular range the data
are not able to determine the magnitude of this ampli-
tude very precisely as compared with the dominant p-
wave amplitude [2]. Closer to the threshold the s wave
should dominate.

Lacking any data on polarization in x absorption,
however, an interesting comparison can be made between
the polarization P„of the outcoming protons calculated
in Ref. [7] for 62 MeV pions and the analyzing power
A„of pn -+ (pp)s „,m determined by Ponting et al.
[12] for incident 400 MeV protons. The energies in the
inverse reactions match very closely. The data were quali-
tatively reproduced, even amazingly well considering that
the theory used a bound pp pair, while in the experiment
the protons are &ee. On the other hand, the comparison
may actually be more fair here, since the system under
discussion in the experiment is a real two-nucleon system
vs He in Ref. [8]. The pion-"nucleus" interaction would
then be less important and be better accounted for in the
basically two-nucleon theory. Also, further investigations
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showed the dependence on the pp-pair wave function to
be relatively weak, so that the transition to a free low-

energy pp pair may not matter very much as compared
with a bound pair calculation.

Although the situation at low energy seems quite good
in vr absorption on pp pairs, at higher energies the the-
ory gives some trends which do not agree with the exist-
ing data. Firstly, the calculated asymmetry (with more
protons backward than forward) decreases rapidly with
increasing energy and reverses already for about 100—
120 MeV pions. Experimentally, this trend itself also
appears, but is much slower [3]. Only above 200 MeV
should the asymmetry become reversed. Also the the-
ory predicted an energy dependence of the polarization
P„(or A„ in the inverse reaction) with the angle where
P„crosses zero, moving backward for increasing energy.
This behavior is not seen in the data of the experiment
E460 at TMUMF, where this angle is nearly independent
of the energy [13]. Both of these discrepancies indicate
that either the p-wave pions take over too fast with in-

creasing energy or the s-wave pion amplitude becomes
too small.

One recent remarkable surprise in two-nucleon pion
production has been the size of the total cross section
of the reaction pp -+ ppz'o near threshold [14]. Theories
based on conventional mechanisms shown in Fig. 1 [di-
rect production by the Galilean term of the 7rNN. vertex,
s-wave rescattering, and the b, (1232)] underpredicted it
by factors of 4—5 [14—16]. Since near threshold the sin-

gle s wave should dominate, one can conclude that these
models underpredict exactly this amplitude. In principle,
this reaction is so simple that the failure of theory by such
a large factor is really spectacular and suggests some im-
portant physics to be missing. This underprediction of
the s-wave pion production or absorption has its parallel
in the above described indications in the three nucleon
reactions. It is of great interest to see what implications
a satisfactory Gt to low energy pp + ppx would have in
the case of ppvr system, where both isospins are allowed
in the np channel.

For the study of the impact of enhanced s-wave pion
contribution, the exact origin of the enhancement is to
some extent immaterial. A phenomenological 6t to pp ~
ppx could be suKcient. However, to be more realistic—
especially in the extrapolation of the energy dependence
and to take into account the differences due to the differ-
ent initial nucleonic wave function —a reasonable model
for the origin of the amplitude is preferable. Lee and
Riska [17] have proposed a heavy meson exchange effect

Tt,P

(b)

FIG. 1. The conventional mechanisms included in pion
production and absorption: (a) direct production, (b) pion s-
wave rescattering, and (c) p-wave rescattering via a A(1232)
isobar.

FIG. 2. The nonreducible heavy meson exchange contri-
bution to the axial charge.

as an explanation of the discrepancy between experiment
and conventional theories. The two nucleons interact
via a heavy meson and with an intermediate nucleon-
antinucleon pair state in conjunction with the pion pro-
duction vertex (Fig. 2). This is a two-body-irreducible
mechanism contributing to the two-nucleon axial charge
and is not included in the two-nucleon correlations gener-
ated by the meson exchanges and the Schrodinger equa-
tion. Note, however, that the pion exchange term is in-
cluded in phenomenological treatments of s-wave rescat-
tering. By picking the appropriate combinations of dif-
ferent relativistic invariants [18] forming the Bonn and
Paris NN potentials [19, 20] Lee and Riska extract the
additional contribution to the axial charge and are able
to reproduce the size of the cross section; i.e., they get
about a 100 % increase in the s-wave production amp¹
tude &om this mechanism.

The meson current efFect is made more explicit by
Horowitz et aL [21], who use directly meson-nucleon-
antinucleon couplings to replace the invariants used by
Lee and Riska. Taking the couplings, meson masses, and
form factors &om the Bonn one boson exchange poten-
tials [19] they are able to again reproduce the size of
the cross section. Of course, the input is basically the
same in both treatments, if the same potential is used
as the starting point. The explicit separation of the me-
son terms in Ref. [21] shows that by far the largest ef-

fect arises &om the 0 meson, an effective scalar-isoscalar
particle describing correlated two-pion exchanges (some-
times even crossed pions or the b-intermediate state).
This term alone is of the same magnitude as the Galilean
direct production and adds to it constructively. A smaller
contribution arises from the u, whereas the minor efFects
of the b and p approximately cancel each other.

This paper incorporates into the earlier calculations
of Ref. [7] the meson exchange current effect suggested
by Lee and Riska using the relatively simple formalism
presented by Horowitz e,t al. The aim is to enhance the
s-wave vr absorption amplitude on a diproton and see
if it can solve the present discrepancies in the energy
dependence. Because, as was pointed out, the present
data at low energies (e.g. , 62 MeV) do not constrain the
magnitude of this amplitude very strictly, the hope is to
obtain a better agreement at high energies, without de-

stroying the existing success below 100 MeV. Also the
nomenclature is 6xed with this reaction in mind: inde-
pendent of the actual reaction direction the "anal" state
(interaction) is that with only two fast nucleons, while
the "initial" state has two bound or slow protons and a
pion. Section II reviews the model brieHy and the results
are given in Sec. III.



49 IMPACT OF pp ~pp v DATA TO NEGATIVE-PION. . . 1287

II. FORMALISM

A. Direct absorption

The formalism of pion production in the two-baryon
model has been discussed in detail in Ref. [7] for the case

I

of the pion and two nucleons in the So state and in Ref.
[22] for a pion plus a deuteron. The basic result most
relevant for the discussion of this paper is the amplitude
of direct absorption of 8-wave pions on a diproton arising
from the operator (1)

(4 (Hm~[ So, m) = —— (1 —
) ao~(r) jq (

—
[
v(r)dr+ u~~(r)jo (

—
) v'(r)dry. (2)

Mq () 2

This is the spin amplitude for the final spin S and the
magnetic quantum number M truncated at E = 0. The
general result with higher partial waves is given in Eq.
(4) of Ref. [7]. This equation also corrects the isospin fac-
tor /3 —T appearing earlier, which should not be there.
(The effect is basically to lower the total cross section
dominated by isospin zero final states by a factor of 3
making its magnitude agree better with experiment at
low energies. ) Here q is the pion momentun (relative
to the nucleon pair), (d~ the corresponding pion energy,
and p' (p) the relative final (initial) state momentum of
the two nucleons. The pion-nucleon coupling constant is
taken from the recent analyses [23] to be f /4z = 0.075.
The So nucleon pair wave function is v(r) and its deriva-
tive v'(r) = r d/dr[v(r)/r], while uoi(r) is the radial sP()
wave function. It may further be noted that in pion ab-
sorption on a So-pair conservation of parity and angu-
lar momentum forces all final states to be tensor coupled
triplet states (including sPo).

In spite of the suppression factor (d~/M the latter term
dominates s-wave absorption close to threshold. The first
term (opposite in sign) is suppressed there by a factor
of q2 and the less favorable radial dependence. In p-
wave absorption it would be the dominant efFect with the
spherical Bessel function js(qr/2) in the integral. The
factor in front of this term includes the effect of chang-
ing the symmetric operator (p+p') to operate only on
the initial state nucleon wave function v(r). In the s-wave
amplitude near threshold this correction is negligible and
this whole non-Galilean term is, in fact, omitted in Ref.
[21]. At higher energies also this axial current term be-
comes significant and tends to cancel the Galilean term.

In the present calculation of n absorption, v(r) is
mainly taken to be the same as in the basic most realis-
tic results of Ref. [7], i.e., the square root of the isospin
zero S-wave correlation function in sHe [24] calculated
from the Reid soft-core potential [25]. When the pair
is two free protons in the So state in pp —+ ppm, this
is the scattering solution also including the Coulomb in-
teraction. The final state wave function uoi(r) is also
calculated using the Reid potential. The calculation of
the higher pion partial waves exactly follows the lines of
Ref. [7] for z absorption. For example, in the dominant
p-wave absorption the same kind of modified form of the
Reid potential is used for the Sq- Dq final state. It gives
a better fit to the mixing parameter eq than the original
potential. Although the b, (1232) effect in s-wave absorp-
tion was moderate in the calculations of Refs. [7],[16], it
will be relatively smaller once the enhancement of the
8-wave amplitude is achieved and it will be neglected in

the present work. Except for the p exchange (small in
Ref. [21]) the b, contribution would be unaffected by the
addition of the exchange current efFect.

Ag Ag8, =4z —(t) P+4x—~ P x n.
p P

(3)

The A2 term corresponds to charge exchange rescattering
and eventually gives a two-nucleon operator proportional
to vi x vz [22], which necessarily changes the isospin
of the two-nucleon system. Therefore, in s-wave pion
absorption on So pairs it is forbidden leaving only the
much weaker first term to contribute. It is allowed but a
minor effect (10%) in the p-wave absorption amplitude.

The s-wave contribution from the operator (3), com-
bined with the pion absorption vertex (1) gives two extra
terms to the expression within the braces in Eq. (2)

OO

I = 2 %co] r ' r jo qr 2 v r dr
pq 2M

OO

uoi(r) f(r) j.(qr/2) v'(r) «
0

(4)

The first of these terms is more important, since the mul-

tiplying factor is larger and the function f'(r) = df/dr
is also larger than f(r) = exp( p'r)/r with p'2—
(3)u2 —q2)/4 (also a monopole form factor with A = 700
MeV is included in these functions). Further, the overlap
with v(r) is more favored than with v'(r), which changes
sign at about 1 fm.

The strength parameters Ai and A2 in Eq. (3) can be
related at threshold to the isospin I pion-nucleon s-wave
scattering lengths a21+q by

1
Ai = ——p (oi + 2Qs)

6
1—y (ui —us).
6

(5)

B. Pion rescattering

It has been known for a long time [9] that the domi-
nant mechanism in NN ~ der near threshold is s-wave
pion rescattering from the second nucleon, contributing
mainly to 8-wave pion production or absorption. In Ref.
[16] it was noted that it is a significant contributor to
pion production in pp -+ ppz'o, although in this par-
ticular reaction this mechanism is greatly suppressed as
compared with reactions where a change of the nucleonic
isospin is allowed. This rescattering is phenomenologi-
cally achieved by the operator [9]



1288 J. A.. NISKANEN 49

The latter of these, the dominant A2 is relatively well de-
termined from pion scattering data. The Panofsky ratio
between the charge exchange reaction vr p ~ vr n at rest
and x+ photoproduction directly gives

3ao+ = ai —as ——(0.263 6 0.005)p

(Ref. [26]), whereas the Karlsruhe-Helsinki scattering
analysis KH80 [27] gives the value (0.274 6 0.005)p,
The later KA85 [28] results are similar. The above dif-
ference may give an estimate of uncertainties involved
in the scattering lengths. Due to chiral invariance the
isospin symmetric scattering length, related to Aq and
defined by 3a0+ ——a~ + 2a3, is suppressed by an order
of magnitude to values (0.026) —

(
—0.035) [29]. Unfor-

tunately, there is no observable directly related to this
combination of scattering lengths and the relative uncer-
tainty arising from individual errors of the larger az and
G3 will be much enhanced in the small a0++ . Therefore,
this quantity is very badly known and weakly constrained
by pion scattering analyses, which are also difficult to ex-
trapolate down to threshold from pion energies typically
above 50 MeV.

Table I shows some determinations of aq, a3, a0+, and

a0+. Clearly, there is a significant difI'erence between the
various Karlsruhe-Helsinki type analyses, which are con-
strained by analyticity and consider the relevant singu-
larities, and the VPI (sAID) results based directly on the
data. With the underestimation of the total cross section,
to fit the data a large enhancement of s-wave rescattering
was found necessary in Ref. [16],which used a form of Ai
reducing to 3a0+ 0.014@ at threshold. From Table
I it can be seen that use of the Karlsruhe results could
obviously give an enhancement by a factor of 2, even 3
from Ref. [31]. This would bring the threshold cross sec-
tion from the present 30% of the experimental value up to
50—70%%uo. One might still want to find some plausible jus-
tification for further enhancement, since the Karlsruhe-
Helsinki errors refer only to the part estimated from devi-
ations from the internal consistency of the method [26].
There are some recent low-energy pion scattering data
that somewhat contradict that analysis and are causing
controversy in the field [32]. Also several recent analyses
[23] tend to yield a significantly lower value 0.075—0.076
for the pion-nucleon coupling constant for which 0.079
from Ref. [27] has long been the canonical value and
is used in all Karlsruhe analyses. It is not out of the
question that the results of these analyses might change
somewhat with new physical input.

The direct determination of the 7t p scattering length
by the energy shift in pionic hydrogen obtained in Ref.

[33] from x-ray transitions gave at first

--p 1
as+" ———(2ai + as) —(0.059 6 0.006)p0+

in apparent contradiction with the closest Karlsruhe re-
sult (0.079 + 0.004)p i. This result could have given
a chance to increase the isospin symmetric scattering
length much higher. If it were combined with the
other rather direct experimental value for the isospin-
odd scattering length given above, one would get 3a0+ ——

(—0.085 6 0.018)p, i. This would be enough enhance-
ment for a succesful theory of the reaction pp ~ ppm at
threshold. Of course, the pure isospin scattering lengths
would then be outside the range from partial wave anal-
yses. This contradiction between the amplitude analy-
sis and pionic hydrogen result discussed, e.g. , by Koch
[34] seems now to be resolved by the new value of the
s-wave energy shift obtained by the same group [35],
which yields co+ ——(0.086+0.004)p in agreement with
the Karlsruhe prediction. Combined with the Panofsky
ratio result above, this would give now the negligible
3ao++ ——(—0.005+ 0.011)p i. It seems clear then that
such large enhancement factors as required to reproduce
the pp m ppvr data are excluded even in the scattering
lengths.

The relative uncertainty in the scattering amplitudes
is further reduced a great deal at energies well above
threshold. To allow energy dependence above thresh-
old, the scattering lengths a21+~ in the above expres-
sions for A, are replaced by tan 82I+i/q. As seen in Fig.
3, the energy dependence is very strong in the case of
the presently relevant parameter A~. There the boxes
and circles show the results for A, from the Karlsruhe-
Helsinki analysis [27] and the solid curves the fit to be
used in this work. The dashed curves show the values
used in Ref. [16] and were based on the amplitudes ob-
tained by the interactive program SAID [30]. Since the
uncertainty about the amplitude decreases above thresh-
old (different analyses agree with each other quite well
above, for example, q = 0.5 fm ), the exact value of the
scattering length becomes less and less important with
increasing energy. Even though the isospin symmetric
amplitude becomes comparable to the isospin asymmet-
ric one (which is virtually independent of energy), the
cross section of pp ~ ppm will still be underestimated.
Only if Aq shown by the dashed curve were arbitrarily
multiplied by 4.7, could the 290 MeV cross section be
fitted resulting also in a qualitative agreement with the
available data over the energy range 300—700 MeV and
with variation of three orders of magnitude in the cross
section be achieved [16]. That calculation included also

TABLE I. Pion-nucleon 8-wave scattering lengths in units of p

0.171 + 0.004
0.173 + 0.003

0.175
0.16

0.174 + 0.004

—0.105 + 0.003
—0.101 + 0.004

—0.100
—0.077

—0.089 + 0.005

3

HALO+

—0.039 + 0.007
—0.029 + 0.009

—0.025
0.007

—0.005 + 0.011

3&0+

0.276 + 0.005
0.274 + 0.005

0.275
0.24

0.263 + 0.005

Ref.

[31]
[27]
[28]
[30]

2 expt.
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FIG. 3. The 8-wave scattering parameters Aq and Aq as
functions of the pion momentum as de6ned in the text. Solid:
the St to the KH80 solution results [2?] shown by the boxes
and circles; dashed: the fit used in Ref. [7].

the efFect of the b, (1232). With the fit to the Karlsruhe-
Helsinki analysis (solid curve) the factor needed is found
to be 6 using purely nucleonic wave functions. Clearly,
this factor cannot be justified by the xN data and there-
fore s-wave rescattering alone cannot account for the dis-
crepancy with the data in pp ~ ppx .

The parameters described above, also shown in Fig. 3,
are literally scattering amplitudes. To take into account
the relation between an interaction and scattering am-
plitude properly, in the scattering potential these A's are
further multiplied by (M+ or~)/M as shown, e.g. , in Ref.
[36].

C. Exhange current effect

The proposal of Lee and Riska [17] introduces to
pp ~ pJm a new short-ranged axial charge mechanism
shown in Fig. 2. The short range (or finite range) of
this contribution actually helps the integral to survive
the otherwise oscillatory behavior of the integrand. The
first maximum of the integrand will not then be cancelled
by the next maximum of opposite sign. The couplings of
the heavy mesons are large enough to give a sizable ef-
fect, even more than pion rescattering. Of course, in ab-
solute terms the contribution is not large, as the elusive
exchange current eEects are not elsewhere either. How-
ever, in the present case also the "main" term is small
and so the relative enhancement of the cross section is
visible and so far not as clearly observed by any other
mechanism.

Following Ref. [21] the scalar-isoscalar o meson gives
an operator similar to the Galilean term in Eq. (1) only
weighted by the propagator of the cr, its coupling, and
also divided by M (from the nucleon-antinucleon propa-
gator). Finally, one gets the o-meson exchange current
contribution to the integrals inside the braces in Eq. (2)
in the lowest order of the nonrelativistic limit

uo~(r) = (d/dr + 1/r) uoq(r).

Other mesons, notably the ~, give similar results differing
only in some details. It was shown in Refs. [17,21] that
the combined effect of all heavy mesons (or corresponding
relativistic invariants) was enough to fit the total cross
section below rj = q/p, = 0.6 using the Bonn potentials
A and B. The Reid soft and hard core potentials as the
distorting interactions yielded somewhat lower results.

From the above it should be rather clear that, for ap-
plications elsewhere, since the 0' and vector meson ranges
are rather similar, it is then reasonable to take phe-
nomenologically just one representative meson current
contribution, fix its strength with the pp ~ pro cross
section and finally calculate its efFect to the amplitudes
in that other application. In any event, such meson ex-
change currents have been shown in Refs. [17,21] to be
able to fit the low-energy data. The details should not be
important once the magnitude of the efFect has been jus-
tified, and one could simulate the whole effect by one ad-
justable meson. Because the u contribution is the largest
by a factor of 2, it is the preferred choice. In this paper
the mass m = 4p, is used with an additional monopole
form factor in the potential of Eq. (6) with A = 9 fm
This is close to the o-meson mass 550 MeV used in the
Bonn potentials [19]. Fitting the pp ~ ppmo cross sec-
tion at 290 MeV (rl = 0.26) gives the efFective coupling

g /4w = 15, half of which is the same as the actual o
coupling in the Bonn potentials. The rest is mainly due
to the strong uNN coupling and to the fact that the
use of the Reid soft-core potential to generate the dis-
tortions originally gives a smaller cross section than the
Bonn potentials in Ref. [21].

To establish that this is, indeed, a reasonable phe-
nomenological fit and that the actual meson content of
the mechanism is not crucial, Fig. 4 shows a comparison
of the pp ~ pp~ total cross section calculated in this way
(solid curve) against the data. The energy dependence
is indistinguishable from that of [21] including explicitly
the o., cu, b, and p exchange currents, so that apparently
the sum of the mesons can be well simulated with a sin-
gle term in this context. Only low-energy data can be
fitted well in this way indicating that other mechanisms
and partial waves are involved above, for example, 350
MeV (rI = 0.7). Below this energy the magnitude of the
8-wave amplitude is then directly experimentally verified
and fixed. The phase of the amplitude is determined by
the nucleon-nucleon scattering phases. If only the So
wave is considered in the ppm state, its phase is imma-
terial in observables. Presumably, the model for 8-wave
pion production can also be extended to other energies
and reactions, in particular to pion absorption involving
a di8'erent pp wave function.
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FIG. 4. The pp -+ ppm total cross section as a function of
the maximum pion momentum (in units of y, ). The theoretical
results have been fitted to the low-energy data of Meyer et at.
[14] at 290 MeV. Solid: with the heavy meson contribution;
dashed: with the Galilean term multiplied by 2.4, dotted:
with s-wave rescattering multiplied by 6. The high-energy
data from Ref. [39].

FIG. 5. The differential cross section of negative pion ab-
sorption on a diproton in He at E = 62.5 MeV. Dashed: no
heavy meson contribution; solid: with the heavy meson con-
tribution; dash-dot: with the heavy meson contribution but
using the pair wave function of Ref. [37]. The dotted curve is
the experimental fit at 64 MeV [3] and the data points from
Ref. [2].

For a comparison, it may be also of interest to compare
this result and its energy dependence with arbitrary scal-
ing of the amplitude to fit the 290 MeV cross section. The
dashed curve shows the result of multiplying the Galilean
term by 2.4. The high energy behavior is not even quali-
tatively reproduced. This is understandable, since earlier
work has shown that this amplitude becomes small above
400 MeV. It even changes sign. Enhancing 8-wave rescat-
tering, instead, by a factor of 6 prevents this destruction
in the same way as the meson current does —even after
the sign change, the direct Galilean term and the non-
Galilean term never reach the dominant term now. The
result is now significantly larger at high energies, refIect-
ing the artificially enhanced energy dependence of the Aq

parameter shown in Fig. 3. Of course, such a change is
not physically justified and is outside the error limits.

III. RESULTS

Legendre polynomial fit to the 64 MeV data of Ref. [3].
It may be worth noting that here no adjustment is made
to fit the total cross section as was done earlier in Ref.
[7]. However, as a cautionary measure in considering the
success or failure of different wave functions one should
keep in mind that the quasi&ee mechanism might not be
a complete description of absorption in the presence of
extra nucleons. Also, here only a single term has been
used of the three different pairings of the Faddeev wave
function.

The polarization P„ is given in Fig. 6 along with the
data of Ponting et al. [12] for pn -+ (pp)s, vr at
E~ b

——400 MeV. The zero crossing angle has moved fur-
ther from 90' somewhat closer to the experimental value
with the addition of the heavy meson exchange (solid
vs dashed curve). However, the theoretical result is still
not as dramatically sharply varying with the angle as the
data. On the other hand, the result using the Faddeev
parametrization is sharp enough, but its zero-crossing an-

Figure 5 shows the differential cross section for the
absorption of 62 MeV pions. As one would expect,
the larger mixture of 8-wave amplitude results in more
asymmetry about 90'. Although the data would allow
some freedom, the result including the exchange cur-
rent effect (solid) seems significantly worse than without
(dashed). Therefore, it seems worthwhile to also attempt
another realistic initial pair wave function, namely, a di-
rect parametrization of the Faddeev wave function of He
in a form factorized to the motion of the pair and the
motion of the third spectator relative to the pair [37].
The result of this calculation is shown by the dash-dot
curve in a good agreement with the cross-section data.
The main reason for the weaker 8-wave absorption in this
case is the existence of a node in the pair wave function
at r = 0.5 fm. (The appearance of a short-range node in
the pair function presentations is typical in three-body
wave functions. ) The dotted curve shows the three-term

'1.0

0.5—

0.0

—0.5—

—'l. 0
0

, yi

30 60 90 120
9 (deg)

150 180

FIG. 6. Polarization in m absorption at 62.5 MeV vs the
analyzing power data in production at E~ = 400 MeV [12].
The curves have the same notation as in Fig. 5. The nucleon
lab energy corresponding to the pion energy is 390 MeV.
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gle is further from the data (dotted curve). Of course, use
of any Faddeev wave-function presentation in comparison
with a two-body reaction is unjusti6ed. The reason for
its display is only that it reveals some interesting sensitiv-
ities of this observable on the corresponding amplitudes.

The above features of the polarization or analyzing
power are connected with the relative importances of the
different s- and p-wave amplitudes, because their mixing
causes both the cross-section asymmetry and the devia-
tion of the P„zero-crossing angle &om 90 . The zero-
crossing angle is primarily related to the amount of 8-
wave amplitude vs p wave. With the Faddeev wave func-
tion the s-wave absorption amplitude has become smaller
than with the correlation function, which causes the zero-
crossing angle to be closer to 90 ~ The sharper structure,
instead, results &om the ratio of the p-wave amplitude
with the asymptotic D-state to that with the asymptotic
S-wave being smaller, 1.5 vs the value 3 using the cor-
relation function and 3—5 without the meson current [7].
Apparently, this ratio can to some extent and more trans-
parently be regulated by the strength of the tensor force
or the Sq- Dq mixing parameter eq. Here is a sensitive
test of the relative importance of the S and D states of
the fast np pair. Also in the analysis of the pion absorp-
tion cross section data by Piasetzky et al. [38] this ratio
was found to be crucial for the qualitative behavior of
P„, separating the two main solutions 1 and 2 where the
dominances of the S and D states were inverted.

So there seems to be some systematic sensitivity to the
6nal and initial states in the detailed 6ne structure of P„
via these three amplitudes, although the qualitative fea-
tures are quite robust [7]. At the level of these details one

Tc m. 55 MeV

may expect that absorption (with the bound pair) and
production (with a free pp pair in the ~So state) should
be considered as different reactions and incompatible for
a common analysis, even if the quasi&ee assumption were
valid. On the other hand, the differences can be used for
bene6t. The two-nucleon production reaction can fix the
basic mechanism (as has been done above in Sec. II)
and, after application of these mechanisms to the multi-
nucleon situation, the differences are due to the presence
of spectators either as active participants or as modifying
the pair wave functions.

This being the case, a calculation using the &ee pp-
pair wave function is needed for an actual detailed com-
parison with the pn -+ @pe polarization measurement
of Ponting et al. [12] or of the TRIUMF experiment
E460 [13]. However, Figs. 7 and 8 still give the results
using the bound-state pair at energies relevant to this
experiment. In the kinematics here just a nominal bind-

ing of 1 MeV is used for the pair to better simulate the
free situation. The wave function is still the square root
of the He correlation function. The total cross section
would depend on the exact value of the pp-pair energy
cutoff used in the experiment to extract the S-wave 6-
nal state (i.e., on the fraction of the phase space taken
into account). Therefore, only the angular distribution is
meaningful and the units should be considered arbitrary
in Fig. 7. The angular distribution shows a change from
the addition of the short-range meson exchange effect at a
level that could be seen in the data of an accurate experi-
ment [13].Also, the change in the polarization (analyzing
power in the experiment) is measurable.

The energy dependence in a wider range is shown in
Figs. 9—11. In Fig. 9 the angular distribution without
the short-ranged meson exchange current is given by the
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FIG. 7. The angular distribution of pn -+ (pp)s s'

as a function of the pion angle at two energies (total C.M.
kinetic energies above the pion threshold) corresponding to
the TRIUMF experiment E460 [13]. The solid and dashed
curves as in Fig. 5. The units are arbitrary.
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FIG. 8. The polarizations P„or analyzing powers A„at
two energies corresponding to the TRIUMF experiment E460.
Curves as in Fig. 7.
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FIG. 11. The energy dependence of the polarization P„
including the heavy meson efFect: solid: 64 MeV; dashed:
119 MeV; dotted: 162 MeV; dash-dotted: 206 MeV.

FIG. 9. The energy dependence of the angular distribu-
tions: Solid: fit to the data of Ref. [3]; dashed: with the
heavy meson efFect; dotted: without the heavy meson effect;
dash-dot: with the heavy meson but using the wave function
of Ref. [37]. For an easier comparison these are scaled to give
the experimental total cross section.
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FIG. 10. The total absorption cross section of negative pi-
ons on pp pairs in He. Solid: with the heavy meson exchange;
dashed: without heavy mesons; dotted: with the heavy me-
son exchange but using the wave function of Ref. [37]. The
data are from Refs. [2] (open circles), [3] (full circles) and [4]
(square).

dotted curve while that including it is the dashed curve.
The solid curve presents a fit to the experimental data
[5]. In this figure the theoretical results are scaled to pro-
duce the total cross sectioa. correctly, i.e., present only
the angular distribution. The scaling factor can be esti-
mated from Fig. 10 which shows the energy dependence
of the total absorption cross section. The discrepancies
here may be due to the pion initial state interaction with
the He nucleus. Again, it can be seen that the results
are improved from those of Ref. [7] or the dotted curves.
The trends in the energy dependence of the angular dis-
tribution are much better produced with the short-range
exchange effect included. Over the wider energy range
and with the scaled angular distribution either pp-pair
wave function seems to work well as compared with the
available data.

The polarization in Fig. 11 shows a similar energy de-
pendence as in Ref. [7] but presents a 20% smaller spread
and all the curves are shifted towards forward direction
by about 10' (as in Figs. 6 and 8). It will be interesting

to see whether this energy dependence at higher energies
is actually confirmed by experiment. Only the new re-
sults including the heavy meson current are shown here.
Without it the result can be found in Ref. [7] which
would be indistinguishable from the present one using
the Karlsruhe-Helsinki xN amplitudes. The effects of
varying other quantities like the pair wave function, final
state interaction and omitting some of the partial waves
or mechanisms (other than the heavy meson effect of in-
terest here) can also be found there. As to the pp-pair
wave function, these calculations should obviously be ex-
tended to the f'ree pair case to better correspond to the
experiments of Refs. [12, 13].

IV. CONCLUSION

In this work I have shown that the drastic enhancement
of the s-wave pion production amplitude in pp ~ ppx
has also necessarily significant and measurable effects in
the absorption reaction of negative pions on a diproton,
where a similar amplitude is also essential though not
dominant. The mechanism proposed to increase the axial
charge in the two-nucleon system [17, 21]—heavy meson
exchange —is short raaged and therefore one can expect it
to be particularly important in the tightly packed three-
or four-nucleon systems. Quasi&ee calculations confirm
this expectation. At low eaergy the new s-wave contri-
bution does not necessarily improve the already existing
good agreement of the angular distribution with data,
but at higher energies the improvement is significant.

The total cross section at high energies becomes still
too small. A possible reason could be lack of some p-wave
strength. One could well ask about the importance of
the heavy meson mechanism in p-wave absorption. The
short range could even be of more advantage there since
one can have the overlap of both initial and final states
in an S state. However, the effect to axial current is
small in nuclei and so probably also in pion interactions
at low energy [40]. The reason for this smallness is an
additional relativistic factor of the scale p/M as com-
pared with the axial charge correction [18]. On the other
hand, the strong dominance of the p ~ Dq- Sq ampli-
tude over the Si Di final state (or r-ather the small-
ness of the latter) is due to a cancellation of the first
two maxima in the latter. [Due to the existence of the
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bound state (deuteron) in this wave there is a node at a
relatively short distance in the scattering state. ] There-
fore, it would be interesting to investigate whether even
the relativistically suppressed short-ranged contribution
could change this precarious balance. Earlier in Fig. 6
we also saw that the polarization had some sensitivity on
the ratio of these two final states.

The effect arising &om this mechanism is also most
likely large enough to be seen in the angular distribu-
tions and polarization asymmetries of the production re-
action pn -+ (pp)g „,z . However, the present results
indicate so much sensitivity on the initial and final states
that a truly meaningful comparison with an accurate ex-

periment would require an actual calculation of the &ee
reaction rather than simulation by a bound pair, which
works surprisingly well at a qualitative level. This kind
of calculation is a natural extension of the present results
and is underway.

ACKNOWLEDGMENTS

I thank D. Ashery, F. Duncan, G. 3ones, and M.
Moinester for discussions and sharing information of their
experiments. I am also grateful to TRIUMF for ex-
tended hospitality. This work was partly supported by
the Academy of Finland.

[1] H. Garcilazo and T. Mizutani, nNN systems (World Sci-
entific, Singapore, 1990).

[2] M.A. Moinester et al. , Phys. Rev. Lett. 52, 1203 (1984);
K.A. Aniol et al. , Phys Rev.. C $3, 1714 (1986).

[3] P. Weber et al. , Nucl. Phys. A501, 765 (1989).
[4] S. Mukhopadyay et al. , Phys. Rev. C 43, 957 (1991).
[5] H. Weyer, Phys. Rep. 195C, 295 (1990).
[6] J.A. Niskanen and A.W. Thomas, Phys. Lett. B 198,

299 (1987);J.A. Niskanen, M. Swift, and A.W. Thomas,
Phys. Rev. C 40, 2420 (1989); J.A. Niskanen, ibid 44, .
2222 (1991).

[7] J.A. Niskanen, Phys. Rev. C 43, 36 (1991).
[8] S. MayTal-Beck et al , Phys. R.ev. Lett. B8, 3012 (1992).
[9) D.S. Koltun and A. Reitan, Phys. Rev. 141, 1413 (1966).

[10] O.V. Maxwell and C.Y. Cheung, Nucl. Phys. A454, 606
(1986).

[11] G.A. Miller and A. Gal, Phys. Rev. C 29, 2450 (1987).
[12] C. Ponting et al. , Phys. Rev. Lett. 63, 1792 (1989).
[13] G. Jones, talk at the Few Body XIII Conference, Ade-

laide, South Australia, Jan. 1992; F. Duncan and H.
Hahn (private communication).

[14] H.O. Meyer et al. , Nucl Phys. A539, 633 (1992).
[15] G.A. Miller and P.U. Sauer, Phys. Rev. C 44, 1725

(1991).
[16] J.A. Niskanen, Phys. Lett. B 289, 227 (1992).
[1?] T.-S.H. Lee and D.O. Riska, Phys Rev. Lett. 70, 2237

(1993).
[18) M. Kirchbach, D.O. Riska, and K. Tsushima, Nucl. Phys.

A542, 616 (1992).
[19] R. Machleidt, Adv. Nucl. Phys. 19, 189 (1989).
[20] M. Lacombe, B. Loiseau, J.M. Richard, R. Vinh Mau, J.

Cote, P. Pires, and R. de Tourreil, Phys. Rev. C 21, 861
(1980).

[21] C.J. Horowitz, H.O. Meyer, and D.K. Griegel, Phys. Rev.
C 49, 1337 (1994).

[22] J.A. Niskanen, Nucl. Phys. A298, 417 (1978); Phys. Lett.
141B,301 (1984).

[23] J.R. Bergevoet, P.C. van Campen, R.A.M. Klomp, J.-L.
de Kok, T.A. Rijken, V.G.J. Stoks, and J.J. de Swart,

Phys. Rev. C 41, 1435 (1990); R.A. Amdt, Z. Li, L.D.
Roper, and R.L. Workman, Phys. Rev. Lett. 65, 157
(1990); R.G.E. Timmermans, Th.A. Rijken, and J.J. de
Swart, ibid 67, 1.074 (1991).

[24] J.L Friar, B.F. Gibson, and G.L. Payne, Ann. Rev. Nucl.
Sci. $4, 403 (1984).

[25] R.V. Reid, Jr. , Ann. Phys. (NY) 50, 411 (1968).
[26] G. Hohler, Landolt Bornste-in VoL I/ghee, Pion nucleon-

Scattering, edited by H. Schopper (Springer, Berlin,
1983).

[27) R. Koch and E. Pietarinen, Nucl. Phys. 336, 331 (1980).
[28] R. Koch, Nucl. Phys. A448, 707 (1986).
[29] O. Dumbrajs et al. , Nucl. Phys. B216, 277 (1983).
[30] R.A. Amdt, J.M. Ford, and L.D. Roper, Phys. Rev. D

$2, 1085 (1985).
[31] G. Hohler, F. Kaiser, R. Koch, and E. Pietarinen, Hand

book of pion nucleon -scattering (Fachinformationzen-
trum, Karlsruhe) Physics Data 12 (1979).

[32] J.T. Brack et al. , Phys. Rev. C 34, 1771 (1986); 38, 2427
(1988).

[33] E. Bovet, L. Antonuk, J.-P. Egger, G. Fiorucci, K.
Gabathuler, and J. Gimlett, Phys. Lett. 153, 231 (1985).

[34) R. Koch, Karlsruhe Report No. TKP 85-5 (unpublished).
[35] W. Beer et aL, Phys. Lett. B 261, 16 (1991).
[36] C. Garcia-Recio, E. Oset, and L.L. Salcedo, Phys. Rev.

C 37, 194 (1988).
[37] Ch. Hajduk, A.M. Green, and M.E. Sainio, Nucl. Phys.

A337, 13 (1980).
[38] E. Piasetzky, D. Ashery, M. Moinester, G.A. Miller, and

A. Gal, Phys. Rev. Lett. 57, 2135 (1986).
[39] R.A. Stallwood et al. , Phys. Rev. 109, 1716 (1958); A.F.

Dunaitsev and. Yu.D. Prokoshin, Zh. Eksp. Teor. Fiz. 36,
1656 (1959) [Sov. Phys. JETP 9, 1179 (1959)];F. Shimizu
et al. , Nucl. Phys. A386, 571 (1982); S. Stanislaus et al. ,
Phys. Rev. C 41, 1913 (1990); J.P. Didelez et al. , Nucl.
Phys. A535, 445 (1991).

[40] K. Tsushima and D.O. Riska, Nucl. Phys. A549, 313
(1992).


