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Role of heavy meson exchange in near threshold NN — dw
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The total cross section for NN — dm very near threshold is calculated in a simple distorted
wave impulse approximation including one-body, pion rescattering, and sigma and omega meson
exchange current (MEC) contributions. Calculations with MEC are in good agreement with recent
TRIUMF measurements while calculations without MEC are significantly smaller. Thus the MEC
mechanism, which was proposed to explain a large enhancement in the pp — ppm® cross section, is

consistent with NN — dr data.

PACS number(s): 13.75.Cs, 21.30.+y

I. INTRODUCTION

Recent measurements of the (near threshold) pion pro-
duction cross section in pp — ppn® were much larger than
expected [1]. This result can be explained by a o meson
exchange current (MEC) which enhances both the axial
charge and s-wave pion production [2,3]. This could have
important implications for our understanding of pion pro-
duction and absorption reactions and axial MEC.

An important further test of this proposed MEC mech-
anism is provided by the bound state production reaction
pn — dn®. Here the near threshold cross section is accu-
rately known from a recent TRIUMF measurement [4].
This reaction samples different spin and isospin matrix
elements of the MEC than pp — ppn®. Furthermore,
there is now an important contribution from the d state
of the deuteron. Therefore, this cross section provides a
check on the MEC operator used to explain pp — ppn®.

In this paper we calculate pn — dn° using the same
MEC model as Ref. [2]. The formalism is presented in
Sec. II while Sec. III lists results for a variety of potential
models. We conclude in Sec. IV that this MEC mecha-
nism is consistent with the pn — dn°® data.

II. DISTORTED WAVE IMPULSE
APPROXIMATION FORMALISM

Very near threshold, the angular momentum barrier
favors the production of s-wave pions. In this paper,
we calculate only s-wave pion production. This requires
the initial nucleons to be in a 3P, state. As in Ref.
[2] our distorted wave impulse approximation (DWIA)
formalism includes contributions from the diagrams in
Figs. 1(a)-1(c). Figure 1(a) is the one-body contribu-
tion where the s-wave pion-nucleon coupling is related
to the axial charge of a single nucleon. Figure 1(b) de-
scribes the pion rescattering contribution where a pion is
emitted from one nucleon and scatters off of the second
nucleon. Finally Fig. 1(c) describes the heavy meson
MEC contributions. Here the exchange of a o or w me-
son modifies the nucleon’s axial charge. This leads to a
two-body contribution to the axial current.

We evaluate these three diagrams in a simple one-
boson-exchange model that is consistent with the one-
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boson-exchange potential used to generate the initial and
final wave functions. We consider a number of different
potential models in Sec. III.

The one-body contribution is very straightforward to
evaluate. It can be generated from an interaction Hamil-
tonian which describes the coupling of a nucleon to an
s-wave pion [5]

f 1 1/2
Hinge = ——gqo¥s70 <“QO) To- (1)
My 2

Here qo is the energy of the pion. Near threshold this
reduces to,

mao\1/2
Hin e f (58) 7 4%, (2)
where the one-body contribution to the axial charge A°
is simply the nonrelativistic limit of the matrix element
of 570,
71
A= ——— .
2M
Here the two nucleons are labeled 1 and 2 and the initial
(final) momentum of nucleon one is p; (p}).
The 3P, initial wave function (with z projection M) is

(P1+P1)70 +1 6 2. (3)
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FIG. 1. Contribution to NN — dm: one-body term (a),
pion rescattering term (b), MEC contribution (c) for z = o
or w mesons.
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lpn) = —i(12m)'/2 [M] I*Pr)n, (4)

pr
with u} the 3P; distorted wave which is normalized as
r — oo,

ul(r) — sin(pr — /2 + 6), (5)

with p the initial relative momentum and § the 3P, phase
shift. The final deuteron wave function has s-wave (u)
and d-wave (w) components,

@) = ‘P s+ XDy, (6)
normalized according to
/Ooo drfu(r)? + w(r)?] = 1. )

The spin angle functions in Egs.
projection M are

(4) and (6) with Z

PLy)y= > (Am,Lmp|IM)Yim, X, - (8)

Mg, mp

The matrix element of A° with these wave functions
is easily calculated [5]. The matrix element vanishes for
M = 0 while the M =1 or M = —1 result is

167 1
|(d|A%|pn)|? =

1 12
= iz e + qplal™ (9)

Here the dimensionless s-wave (I}) and d-wave (I}) in-
tegrals are defined as

1/2

Il = m; /000 dr u(r)(% + %)ui(r), (10)

and
1/2 oo
1_ Mx 4 2\,
=" /0 drw(r) (= 2wl ()

The total cross section for pn — dn° is easily calculated
from this matrix element,

4x

fA\n
Tpn = ( E(m«M)l/zl(dMOan)Iz’ (12)
where 7 is the pion momentum in units of the pion mass

Moy,
Our result for the cross section is then

2

_fz[ 8mn ] L a3)

7= M3/2mL/?

1
I, + mld

where the total s-wave integral (I,) has contributions
from the one-body term, and, as we describe below, pion
rescattering (I7) and o (I7) and w (I¥) MEC,

I, =1} +1I7+ I+ 1. (14)
Likewise, the total d-wave integral is,
Ii=I1}+1I7+13+1I5. (15)

Pion rescattering was modeled in Ref. [5] with a phe-
nomenological 7N Hamiltonian which reproduces mea-
sured 7N scattering lengths. The results of Ref. [5] are

Ir=1+1, (16)

Pe (/\1 . '2"\2> mi,/z /Ooo dr u(r) [fw_(r)] (% + l)u%('r), (17)

3 M 1\ mY? [ d [ fr(r)
3 —_ e - - ™ 1 fhadl ™
3= <,\1 + 2,\2) (2 o 2) . A dr w(rui(r) - |22, (18)
and
IT=134+13, (19)

2 = — (,\1 + g/\z) mi/z Aw dr w(r) {%{—)] (% - %)u}(T), (20)

mi/? e r
% /0 drw(r)u}(r)d%:[f"—a)]. (21)
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Here the pion propagator is

fr(r) = ;e”“”', (22)
where the effective mass p = /m2 — 12 = (2)Y/2m, for
an energy transfer (in the center of mass frame at thresh-
old) of lp = m,/2.

The parameters A, and A, are related to the isospin 1/2
and 3/2 mN s-wave scattering lengths. We use values of
[27516]7

A1 =0, Az = 0.045. (23)
Note, given the large A3, any uncertainty in the small A
is unimportant.

Unfortunately, this model of rescattering neglects form
factors at the hadronic vertices. Instead, we adopt a
slightly different philosophy. We simply evaluate, using
perturbation theory, a few simple diagrams which we be-
lieve make the dominant contributions. Thus, we model
the rescattering process as proceeding through the 7 — p
diagram of Fig. 2. If one considers the limit m, — oo
and adjusts the m — p coupling constant to reproduce the
7N scattering lengths, then the diagram in Fig. 2 will
reproduce Egs. (16)—(22).

Figure 2 now provides a prescription for including form
factors. There will be form factors at the two meson-
nucleon vertices and the propagator for the p meson. The
largest effect should be the p propagator (assuming the
meson-nucleon form factors have shorter range). This
modifies Eq. (22) to

2

f_”(r,-) =P

o R (e7H" —e ™) /7 (24)
P

without changing predictions for the wN scattering
lengths. Thus, we evaluate rescattering as in Ref. [5]

(b)

FIG. 2. Pion-nucleon s-wave scattering (a) modeled via p
meson exchange (b) with the wmp coupling adjusted to repro-
duce the s-wave wN scattering length. This represents the
black dot in Fig. 1(b).
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except that Eq. (22) is replaced by Eq. (24). This rep-
resents a minimal inclusion of a form factor and leads
to a decrease in the cross section (see Sec. III) of about
20%. The inclusion of additional meson-nucleon form fac-
tors will presumably lead to further (although smaller)
reductions. More detailed investigations of rescattering
(including calculations in three-body models) would be
very useful; see Sec. IV.

Finally we include heavy meson exchange as in Ref.
[2]. The contribution of o meson exchange in Fig. 1(c)
gives

I = ma/? /0°° dr u(r)[f‘;&r)] (Ed; + 1)1&("), (25)

p r
and
1/2  poo
5= m;/ L ar wr) [Z0] (4 - D)), (26)
with (neglecting form factors for the moment),
folr) = Jo e (27)
4mr

The w exchange contribution is

¥ = ma/? /000 dr u(r) [f‘;\(;)] (dir + l)u%("')y (28)

p r
and
” 'm,lr/2 o fu(r)1/d 2
=" [ drw@[E] (5 - 0)He, @)
with
92 _
fo(r) = Er“—’;e Mo, (30)

Note, there is no term in Eq. (28) involving d/drf,, ().
This term was present in the pp — ppn® calculations
of Refs. [2,3] but is proportional to o3 x oz which has a
vanishing matrix element here. We neglect the very small
contributions of § and p mesons in Fig. 1(c). These gave
almost no contribution in Ref. [2]. The last step is to
modify Egs. (27) and (30) as in Eq. (A.28) of Ref. [7] to
include meson-nucleon form factors.

The calculation is summarized as follows. The cross
section is given by Eq. (13) with the s-wave (I;) and d-
wave (I) integrals having contributions from one-body,
Egs. (10), (11), pion rescattering, Egs. (16)—(21), and
heavy meson exchange, Eqs. (25)—(30). The parameters
in the model are the pion nucleon coupling (where we use
the recent value [8]),

fz

et 0.075, (31)
and the rescattering parameters A; and A, which are fit
to reproduce wIV scattering lengths [6] [and we use the
values in Eq. (23)]. Finally the 0 and w meson coupling
constants, masses and form factor cutoff parameters are
taken (in general) from the one-boson-exchange poten-
tials used to generate the *P; (and deuteron) distorted
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TABLE 1. Contributions to the matrix element for NN — dr from one-body (I'), pion rescat-
tering (I™), and o + w meson exchange currents (I”,I) for various potential models, see Egs.

(14)-(30).

Model I I%/2%/? Ir I7 )2/ I I3/2Y/2 Ie Iy /24
RSC [9] 0.081 -0.093 0.120 0.035 0.032 0.000 0.026 0.000
BPA(R) [7] 0.095 -0.081 0.119 0.026 0.039 0.000 0.032 0.000
Pairs [10] 0.086 -0.086 0.116 0.031 0.034 0.001 0.028 0.001

waves. There are no parameters fit to pion production
data.

III. RESULTS

In this section we present results for the total cross
section. Near threshold, the energy dependence of the
np — dn® total cross section is expected to be [4],

Onp = %(07)4‘57)3)’ (32)
where a and 3 are constants. Note, we compare to TRI-
UMF np data [4]. To compare to charged pion produc-
tion data one must consider Coulomb effects on the pion.
Simple isospin considerations give for the related reaction
pp — dr [4],

Opp = O‘C(?’? + ﬁ012773, (33)
where C;(n) accounts for the reduction in the cross sec-
tion due to the Coulomb barrier between the deuteron
and the charged pion. Since we only calculate s-wave
pion production we only calculate the constant . Fur-
thermore, we have not calculated the Coulomb factor Cy.

The experimental value for o is [4]

=184 +5 +13 pb, (34)
where the first error is statistical and the second includes
a 5% systematic error in the spectrometer acceptance
and a 5% scale uncertainty in the np elastic cross section
(which was used for normalization). To calculate a theo-
retical a we simply evaluate the cross section, Eq. (13),
at a single near threshold energy and divide by n/2.

We will present results for a variety of potential mod-
els including the Reid soft core (RSC) potential [9], Paris
[10], and three slightly different Bonn r-space one-boson-
exchange potentials: OBEPR [11] and models A and

TABLE II. Cross section factor «, Eqs. (32), (33), for
different potential models both with and without o and w
MEC. Note the same potential model is used for the initial
3P, and final deuteron wave function.

a (with MEC)

Model [reference] a (without MEC)

ub ub
RSC [9] 175 88.5
Pairs [10] 192 94.1
BPA(R) [7] 230 110
BPB(R) [7] 203 103
OBEPR [11] 215 109
Average 203 + 21 101 £ 9

B of Appendix A of [7] which we refer to as BPA(R)
and BPB(R). In addition, we consider deuteron wave
functions from a number of momentum-space poten-
tials including the full energy-dependent Bonn model [11]
(which we call BonnE) and the one-boson-exchange po-
tentials BonnA(Q) [7], BonnB(Q) [7], and BonnC(Q) [7].
All of these models reproduce the 3P, phase shifts and
the low energy deuteron parameters such as the bind-
ing energy. Together they represent a fairly broad range
of deuteron d-state probabilities and short-distance wave
functions.

Table I lists various contributions to the matrix ele-
ment. There is important cancelation between the s-
and d-wave one-body terms. The largest contribution is
the pion rescattering. The o and w mesons make about
equal contributions. This is different from pp — ppn®
where the o meson provides the dominant MEC [2].

Table II lists values of a for five different potential
models. Calculations with MECs give results from 175
to 230 ub in good agreement with experiment. Calcula-
tions without MECs range from 88.5 to 110 ub, about a
factor of two smaller. The Reid soft core potential has
the smallest wave function at short distances (for both
the deuteron and 3P;) and gives the smallest cross sec-
tion.

Our results without MECs are consistent with the early
Koltun and Reitan calculations [5] given two differences.
Koltun and Reitan calculated an « from 146 to 160 ub
(depending on the potential model used). However, they
used an old (large) value for the pion coupling of f2?/4m =
0.088. Changing to the modern value, Eq. (31), will
reduce their a by 15% to values ranging from 124 to 136
ub.

The remaining difference concerns form factors in the
pion rescattering contribution. Koltun and Reitan ig-

TABLE III. Cross section factor a Egs. (32), (33) for the
RSC potential model [9] 3 P, initial wave function and various
deuteron wave functions.

Deuteron o (with MEC) a (without MEC)
pb ub
RSC 175 88.5
Pairs 204 97.7
BonnE 228 97.3
BonnA(Q) 272 121.2
BonnB(Q) 256 115
BonnC(Q) 243 110
OBEPR 245 114
BPA(R) 249 115
BPB(R) 231 108
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TABLE IV. Same as Table III except for the Paris [10] 3P,
initial wave function.

Deuteron a (with MEC) a (without MEC)
ub ©b
RSC 170 86.3
Pairs 192 94.1
BonnE 204 90.4
BonnA(Q) 244 113
BonnB(Q) 232 108
BonnC(Q) 222 104
OBEPR 225 108
BPA(R) 227 108
BPB(R) 214 102

TABLE V. Same as Table III except for the Bonn r-space
potential BPA(R) [7] ®P; initial wave function.

Deuteron a (with MEC) a (without MEC)
ub ub
RSC 168 86
Pairs 192 94.2
BonnE 209 91.6
BonnA(Q) 248 114
BonnB(Q) 235 108
BonnC(Q) 224 104
OBEPR 227 108
BPA(R) 230 110
BPB(R) 215 103

TABLE VI. Same as Table III except for the Bonn r-space
potential BPB(R) [7] ®P; initial wave function.

Deuteron a (with MEC) a (without MEC)
unb pb
RSC 163 87.2
Pairs 183 94.7
BonnE 193 91.4
BonnA(Q) 231 113
BonnB(Q) 219 108
BonnC(Q) 210 104
OBEPR 213 108
BPA(R) 216 109
BPB(R) 203 103

TABLE VII. Same as Table III except for the Bonn r-space
potential OBEPR [11] 3P, initial wave function.

Deuteron a (with MEC) a (without MEC)
pb ub
RSC 158 86
Pairs 181 94.3
BonnE 197 92.2
BonnA(Q) 235 115
BonnB(Q) 222 109
BonnC(Q) 212 105
OBEPR 215 109
BPA(R) 217 109
BPB(R) 203 103

nored all form factors. Instead we include the p meson
propagator in Eq. (24). This reduces the cross section
by another 20%. Alternatively, if we set m, = co in Eq.
(24), in order to compare to Koltun and Reitan, then
the rescattering integrals for the Reid soft core potential
become I7 = 0.132 and I] = 0.038 in place of those in
Table I. The cross section factor o (without MECs) now
ranges from 109 (Reid) to 133 (OPEPR) pb. This range
is consistent with that of Koltun and Reitan (once f2 is
corrected).

To study how the results depend separately on the
initial and final wave functions, we have calculated «
for many different combinations of deuteron and 3P,
wave functions. These results are presented in Tables
III through VII. Note, MEC contributions for calcula-
tions with Reid soft core or Paris 3P, wave functions
use coupling constants and form factors from BonnA(R).
All other calculations use parameters from the potential
used for the 3P; wave function. We expect results to be
insensitive to the choice of MEC parameters.

Changes in the d-state percentage of the deuteron from
4.38% for BonnA(Q) to 4.99% for BonnB(Q) to 5.61%
for BonnC(Q) only changes the cross section by about
10%. Instead changing from a model such as the Reid
Soft Core potential (with a relatively repulsive core and
a small short distance deuteron wave function) to a softer
Bonn model (with a larger short distance wave function)
leads to a 20% or more increase in the cross section.

Thus if the MEC current operator and the treatment
of pion rescattering are under control, NN — d= can tell
something about the short distance NN wave function
(rather than the strength of the tensor force). However,
much more work is needed on rescattering and MEC be-
fore this can be done quantitatively.

IV. SUMMARY AND CONCLUSIONS

We have calculated the total cross section for pn — dn°
and pp — dnt very near threshold in a simple per-
turbative model. Contributions from one-body terms,
pion rescattering, and o and w meson exchange currents
(MEC) were included. We find that calculations with
MEC are in good agreement with a recent TRIUMF mea-
surement while calculations without MEC are almost a
factor of two smaller. Thus the MEC mechanism pro-
posed to explain a large enhancement in the pp — ppm®
cross section is fully consistent with the NN — drn data.
This is interesting because the deuteron channel tests
different spin and isospin matrix elements of the MEC
compared to the pp final state.

Finally, the largest contribution to NN — d is from
pion rescattering. We only calculated this to lowest or-
der. Further studies of pion rescattering in three-body
models would be very useful.
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