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The reaction np\hd near threshold

H. Garcilazo1 and M. T. Pen˜a2,3

1Escuela Superior de Fı´sica y Matema´ticas, Instituto Polite´cnico Nacional, Edificio 9, 07738 Me´xico D.F., Mexico
2Centro de Fı´sica das Interacc¸ões Fundamentais, Avenida Rovisco Pais, P-1049-001 Lisbon, Portugal

3 Departamento de Fı´sica, Instituto Superior Te´cnico, Avenida Rovisco Pais, P-1049-001 Lisbon, Portugal
~Received 2 April 2002; published 6 September 2002!

We have calculated the cross section for the processnp→hd in the region near threshold, within the
framework of a three-body model. We studied the dependence of the cross section to the production mecha-
nism and to the initial- and final-state interactions. We found that the magnitude of the cross section is highly
dependent on the reaction mechanism. However, its shape is essentially determined by thehd final-state
interaction alone. This strong signature in turn directly provides information about thehN scattering length.
For a variety of reaction mechanisms it is verified that thenp→hd experimental data can only be explained
if the hN scattering length has a small real part, as it happens, for instance, in thehN interaction model
proposed recently by the Ju¨lich group.
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I. INTRODUCTION

The reactionnp→hd has been measured recently in t
region near threshold@1,2#. Since the cross section shows
strong enhancement at threshold, as compared with the
dictions based on a two-body phase space, it has been sp
lated that this could be a signal for anhNN quasibound
state, predicted some time ago@3#. However, as we have
pointed out recently@4,5# the solutions of the Faddeev equ
tions forhd elastic scattering do not support the existence
a hNN quasibound state. Nevertheless, the stronghN inter-
action in the resonantS11 channel is indeed responsible fo
an enhancement of the elastic scattering amplitude n
threshold. Accordingly, it is logical to assume that in t
reactionnp→hd near threshold thehd final-state interac-
tion will produce a similar enhancement. In this work w
investigate such a threshold effect by testing, in a three-b
calculation for thehNN system, differenthN dynamical
models based upon recent data analysis of the coupled
tions pN→hN, hN→hN, and gN→hN. The hd→hd
three-body transition matrix, describing the multiple scatt
ing series for thehd final-state interaction, is obtained b
solving the Faddeev equations for thehNN system~for such
types of calculations see also, e.g., Refs.@6,7#!. In addition,
the present calculation provides some information on
large uncertainty region for thehN scattering length,ahN .
The width of this region is defined by the considerable d
persion of empirical values originated by different da
analysis.

In 1985 Bhalerao and Liu@8# constructed a coupled
channel model for threshold pionic eta production on
nucleon, which provided for the real part ofahN the value
Re(ahN)50.27 fm. Later, Bennhold and Tanabe@9#, in a
study of h photoproduction reactions from nuclei, found
similar value, Re(ahN)50.25 fm. Also, a calculation ofh
and K photoproduction by Kaiseret al. @10# gave Re(ahN)
50.20 fm. Other analyses@11–14#, based onpN2pN,
pN2hN, andgN2hN amplitudes, generated values with
the higher value 0.7221.07 fm region. In 1993, Wilkin@15#
0556-2813/2002/66~3!/034606~10!/$20.00 66 0346
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reproduced the particular energy dependence of the c
section for pd→h3He with the value Re(ahN)50.55 fm.
More recently@16# a model from the Julich group ascribe
Re(ahN)50.42 fm.

II. FORMALISM

A. Two-body interactions

We will consider a nonrelativistic three-body model of th
hNN system, where the elementaryhN interaction will be
obtained from a separable potential model of the coup
hN-pN-sN system. Here,sN represents effectively the
ppN channel, which is a decay mode of theS11 resonance,
corresponding to a 10% branching ratio. Therefore, we w
take ms52mp . Thus, we have replaced the three-bo
ppN state by an effective two-bodysN state. A more real-
istic description of theppN channel could be obtained b
using for thes the I 5J50pp resonance with an energy
dependent width determined by thepp S-wave phase shift
@17#. However, since theppN channel represents only abo
10% of the width of theS11 resonance such a more soph
ticated treatment may not be required.

In Refs.@4,5# we constructed and used six different ph
nomenological models of the coupledhN-pN system, which
were fitted only to thehN→hN amplitudes of recent data
analyses@11–14#. In the present work we modified and ex
tended these models by

~i! including a third channel~thesN channel! which rep-
resents theppN inelasticity,

~ii ! fitting not only thehN→hN amplitude but also the
p2p→hn cross section, which is a direct source of info
mation on the nondiagonal transition amplitudepN→hN,
and

~iii ! considering the new amplitude analysis of the Ju¨lich
group @16# which leads to ahN scattering length with a
much smaller real part.

The six models based on the analyses@11–14# are labeled
1–6. They are updated versions in the sense of points~i! and
~ii ! above, of the corresponding models 1–6, introduced
©2002 The American Physical Society06-1
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TABLE I. Parameters of thehN-pN separable potential models fitted to theS11 resonant amplitudes given in Refs.@16,11–14#.

Model Reference ahN ah Ah lh ap Ap lp as ls

0 @10# 0.421 i0.34 5.8 4.274 065 2402.494 242 0.85 0.084 033 20.103 387 4.0 231.393 844
1 @7# 0.721 i0.26 11.51 13.721 902 23409.633 910 2.5 0.333 333 20.233 452 8.0 2337.208 962
2 @8# 0.751 i0.27 34.0 727.456 846 29680.979 572 7.65 0.125 2303.773 097 8.0 2949.290 930
3 @9#~D! 0.831 i0.27 37.0 1375.158 782 25714.431 017 7.9 0.126 5822355.276 424 8.0 2768.503 721
4 @9#~A! 0.871 i0.27 29.0 725.390 756 22970.266 050 8.05 0.124 2232397.637 234 8.0 2613.614 034
5 @9#~B! 1.051 i0.27 6.0 31.656 004 24.875 780 9.0 0.104 602 2686.689 630 8.0 2187.838 543
6 @9#~C! 1.071 i0.26 5.5 209.617 836 20.044 430 9.6 0.113 636 2823.579 746 8.0 2159.526 035
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Ref. @4#. The model based on the Ju¨lich data analysis is
newly considered here and is labeled by ‘‘0.’’

The potentials describing the meson-nucleon transition
all the models built here are of separable form,

^puVii up8&5l igi~p!gi~p8! ~ i 5h,p,s!, ~1!

^puVi j up8&56Al il jgi~p!gj~p8! ~ i , j 5h,p,s! ~2!

with

gh~p!5
Ah1p2

~ah
21p2!2 , ~3!

gp~p!5
Ap1p2

~ap
2 1p2!2 , ~4!

gs~p!5
p

~as
21p2!2 , ~5!

where thehN andpN form factors correspond toS waves,
while the sN form factor corresponds to aP wave, as re-
quired by parity conservation.

The Lippmann-Schwinger coupled-channel equations
the meson-nucleon system generate from the potentials~1!
and ~2! the meson-nucleont matrices are

^puthh~E!up8&5gh~p!t2~E!gh~p8!, ~6!

^putpp~E!up8&5
lp

lh
gp~p!t2~E!gp~p8!, ~7!

^puthp~E!up8&56Alp

lh
gh~p!t2~E!gp~p8!, ~8!

^puths~E!up8&56Als

lh
gh~p!t2~E!gs~p8!, ~9!

wheret2(E) gives the dressedS11 resonance propagator, it
inverse corresponding to a sum of a Dyson series, for
hN, pN, andsN channels,

1

t2~E!
5

1

lh
2Gh~E!2

lp

lh
Gp~E!2

ls

lh
Gs~E!, ~10!

with E the hN c.m. kinetic energy, and
03460
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Gh~E!5E
0

`

p2dp
gh

2~p!

E2p2/2mh1 i e
, ~11!

Gp~E!

5E
0

`

p2dp
gp

2 ~p!

E1mN1mh2AmN
2 1p22Amp

2 1p21 i e
,

~12!

Gs~E!

5E
0

`

p2dp
gs

2~p!

E1mN1mh2AmN
2 1p22Ams

21p21 i e
.

~13!

In the equations above we have used relativistic kinema
for the pN andsN channels.

The parameters of thehN, pN, and sN form factors
given by Eqs.~3!–~5! are given in Table I. In Fig. 1 we show
the comparison between our models and the amplitude
Refs.@16,11–14# as well as the prediction of our models fo
the p2p→hn cross section. We note that the fitting proc
dure in Ref. @4# used only the data analysis of thehN
→hN transition. Thus, only Eq.~6! was used for the fit,
while thegp coupling appearing in Eqs.~7! and~8! was only
indirectly fixed through its presence int2 @Eqs. ~10!–~12!#.
In contrast, in this work Eq.~8! is additionally used to con-
strain gp and gh by the p2p→hn total cross-section data
In Sec. III A, the results obtained show a relatively sm
importance of thesN channel. Nevertheless, further studi
may be needed in this respect, involving a nonzero width
the s.

The separable potential for theNN subsystem in the3S1
channel is the so-called PEST model@18#,

^puVNNup8&52gN~p!gN~p8!, ~14!

so that the nucleon-nucleont matrix is

^putNN~E!up8&52gN~p!t1~E!gN~p8!, ~15!

with

1

t1~E!
5212E

0

`

p2dp
gN

2 ~p!

E2p2/mN1 i e
. ~16!
6-2
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FIG. 1. Comparison of thehN→hN amplitudes produced by the separable potentials of Table I with the amplitude analysis of
@16,11–14#. Also shown are the predictions of the models for thep2p→hn cross section, where the experimental data have been com
in Ref. @11#.
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The form factor of the PEST interaction is given by

gN~p!5 (
n51

6
cn

bn
21p2 , ~17!

with the parameters given in Ref.@18#. This model yields the
same deuteron wave function as the Paris potential.

B. Faddeev equations forhd scattering

We consider the system of three particles (h, N, andN),
where two of them are identical, and all three intera
through pairwise interactions. We represent these interact
with separable potentials. As for the possible three-bo
channels, we restrict the orbital states between spectator
ticles and the center of mass of interacting pairs toS waves
(l50). In particular, for the channels with anh being a
spectator, this truncation is a good approximation for en
gies near threshold, where the effect of the centrifugal bar
has to be small. As for the relative orbital momentum of t
states for the different pairs, we also restrict these statesS
waves, with the exception of thes-N pair case: due to the
intrinsic parity of thes ~two pions!, the contribution to theS
wave of thehN→hN amplitude yielded by as-N interme-
diate state comes necessarily from aP wave. For thehd
system, the relative orbitalS-wave states for the interactin
pairs are theS11 channel for the eta-nucleon pair, and the3S1
channel for the nucleon-nucleon pair.

We will identify particle 1 with theh and the identical
particles 2 and 3 with the two nucleons. The Faddeev eq
tions forhd elastic scattering are shown diagrammatically
Fig. 2. In the second equation of this figure, there is a te
with the nucleon-nucleon interaction proceeding while a m
son is a spectator. That meson can only be theh. Indeed, the
term with a pion as the spectator meson would imply

FIG. 2. Faddeev equations forhd elastic scattering.
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intermediate state~formed by a pion and anNN state in the
3S1 channel! of isospin 1, whereas thehd final system has
isospin 0. Moreover, the intermediate state where a pio
the spectator and theNN state is in the1S0 scattering state
cannot proceed either, due to the fact that this state has
spin 0, while thehd system has total spin 1. As for thes
meson, it also does not contribute as a spectator to the s
tering series due to conservation of parity, since we are
stricting the orbital angular momentum between the spect
and the pair to be anSwave, and the final system has a tot
negative parity.

The integral equations of Fig. 2 are written analytically

T2~q2 ;E!5K21~q2 ,q10;E!1E
0

`

q28
2dq28K23~q2 ,q28 ;E!

3t2~E2q28
2/2n2!T2~q28 ;E!

1E
0

`

q1
2dq1K21~q2 ,q1 ;E!

3t1~E2q1
2/2n1!T1~q1 ;E!, ~18!

T1~q1 ;E!52E
0

`

q2
2dq2K12~q1 ,q2 ;E!

3t2~E2q2
2/2n2!T2~q2 ;E!. ~19!

The functionT2(q2 ;E) represents the transition ampl
tude from thehd state to a state with a nucleon and aS11
isobar while the functionT1(q1 ;E) represents the transitio
amplitude from thehd state to thehd state.

The kernels of the integral Eqs.~18! and~19! are given by

K12~q1 ,q2 ;E!5
1

2E21

1

d cosu
gN~p1!gh~p2!

E2p1
2/2m12q1

2/2n11 i e
,

~20!

K21~q2 ,q1 ;E!5
1

2E21

1

d cosu
gh~p2!gN~p1!

E2p2
2/2m22q2

2/2n21 i e
,

~21!
K23~q2 ,q3 ;E!5
1

2E21

1

d cosu
gh~p2!gh~p3!

E2p2
2/2m22q2

2/2n21 i e
2

1

2E21

1

d cosu
gp~p2p!gp~p3p!

E1mh2mp2p2p
2 /2mp2q2

2/2np1 i e

1
1

2E21

1

d cosu
gs~p2s!gs~p3s!

E1mh2ms2p2s
2 /2ms2q2

2/2ns1 i e

cosu23

3
. ~22!
6-4
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FIG. 3. Model of thenp→hd process.~a!
Direct-production diagram and box diagram in
cluding h, p, s, and heavy meson exchange
~b! NN initial-state interaction andhd final-state-
interaction diagrams.
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m i andn i are the reduced masses

m i5
mjmk

mj1mk
, ~23!

n i5
mi~mj1mk!

mi1mj1mk
, ~24!

and the relative momentapi andpj are

pi5S m i
2

mk
2 qi

21qj
212

m i

mk
qiqjcosu D 1/2

, ~25!

pj5S m j
2

mk
2 qj

21qi
212

m j

mk
qiqjcosu D 1/2

. ~26!

The corresponding relative momenta and reduced ma
with subindexp or s are obtained from Eqs.~23!–~26! by
taking for m1 the mass of thep or s meson, respectively
Finally, cosu23 is given by

cosu235
ms

2m3sp3sp2s
F S m3sq2

n2s
D 2

2p3s
2 2S m3sp2s

ms
D 2G .

~27!

Even though for the two-body subsystems thep and the
s are treated relativistically, in the case of the three-bo
equations all particles are treated nonrelativistically.

Notice that in Eq.~22! the contribution of theh comes
with a plus sign while the contribution of thep comes with
a minus sign. These signs come from the reduction of
Faddeev equations when one has two identical fermi
@19,20#. Since we are assuming that the meson is partic
so that 2 and 3 are the two fermions and for thep andh all
03460
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1

orbital angular momenta are equal to zero, then following
reduction procedure of Refs.@19,20# leads to the result tha
the kernelK23 must by multiplied by a factorF23, where

F235F23
IdenF23

spinF23
isospin, ~28!

and

F23
iden52~2 !s11s32S21 i 11 i 32I 2, ~29!

F23
spin5~2 !S31s32SA~2S211!~2S311!W~s3s1Ss2 ;S2S3!,

~30!

F23
isospin5~2 ! I 31 i 32IA~2I 211!~2I 311!W~ i 3i 1I i 2 ;I 2I 3!,

~31!

with W the Racah coefficient, andsi , Si , andS ( i i , I i , and
I ) are the spins~isospins! of particle i, the pair jk, and the
three-body system. It is straightforward to see that the fac
F23 is equal to 1 when particle 1 is ah but it is equal to
21 when particle 1 is ap. In the case of thes the orbital
angular momentum of the pair and the total orbital angu
momentum arel 5L51 so that the derivation of the kernel
slightly more complicated as shown, for example, in R
@20# with the result that appears in the last term of Eq.~22!.

C. The production mechanism

In Fig. 3 we represent the model considered in this wo
for the mechanism of thenp→hd reaction. Figure 3~a!
shows the driving terms for the meson production reacti
which consist of the direct-production diagram and of t
box diagram, containing the rescattering of theh, p, ands
mesons plus other heavy meson exchanges~generically la-
6-5
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H. GARCILAZO AND M. T. PEÑA PHYSICAL REVIEW C 66, 034606 ~2002!
beled byM ) through excitation of theS11 resonance. Figure
3~b! shows the distortion of the driving terms by the initia
and final-state interactions.

The initial-state interaction is calculated using a two-bo
NN distorted wave function

CqN0~qN!5
1

qN
2 d~qN2qN0!1

mN

qN0
2 2qN

2 1 i e
TNN~qN ;E!,

~32!

whereqN0 is theNN on-shell momentum given by

qN0
2 5

~2mN1mh1E!2

4
2mN

2 , ~33!

mN /(qN0
2 2qN

2 1 i e) is the Lippmann-Schwinger propagat
of theNN system, andTNN(qN ;E) is the half-shell nucleon-
nucleont matrix which will be discussed in the next subse
tion.

As for the final-state interaction, it is treated using a thr
body distorted wave involvingt1(E2q1

2/2n1), the propaga-
tor of anNN isobar and a spectatorh defined by Eq.~16!,
andT1(q1 ;E), thehd→hd three-body scattering amplitud
obtained from the solution of the integral Eqs.~18! and~19!.

The effect of the initial- and final-state interactions is th
given by the two-loop calculation

Ānp→hd5E
0

`

q1
2dq1E

0

`

qN
2 dqNF 1

q1
2 d~q12q10!

1t1~E2q1
2/2n1!T1~q1 ;E!GAnp→hd~q1 ,qN!

3F 1

qN
2 d~qN2qN0!1

mN

qN0
2 2qN

2 1 i e
TNN~qN ;E!G .

~34!

The production amplitude without initial- and final-sta
interactionsAnp→hd(q1 ,qN) which appears in Eq.~34! is
shown diagrammatically in Fig. 3~a!. In order to make the
Feynmann diagrams in this figure consistent with the F
deev diagrams of Fig. 2 their nonrelativistic limit is take
and their projections on the initialNN 1P1 channel and final
hd 3S1 channel are performed.

If we start with pseudovector coupling for thep and the
h the hNN vertex in the nonrelativistic limit becomes th
Galilean-invariant form

VhNN5
f h

mh
sW •FkWh2

mh

2mN
~kWN1kWN8 !G

'
f h

mh
sW •FkWh2

mh

mN
kWNG

5
f h

mh
S 11

mh

mN
DsW •

mNkWh2mhkWN

mN1mh
03460
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5
f h

mh
S 11

mh

mN
DsW •pW , ~35!

wherepW is the relative momentum between the meson a
the nucleon and the approximation that we have made,kWN8

5kWN1kWh'kWN , is exact for the direct term at thresho
wherekWh50. Similarly, thepNN andsNN vertices are

VpNN5
f p

mp
S 11

mp

mN
DsW •pW tW•fW p , ~36!

VsNN5 f s . ~37!

If instead we start with pseudoscalar coupling we wou
get

VhNN5
f h

mh
sW •kWh , ~38!

wherekWh is the momentum of theh, and similarly for the
pion. We will introduce a form factor that regularizes th
vertices at large momenta as

VmNN→VmNN

L21p0
2

L21p2 , ~39!

wherep0 is the on-shell momentum. We took for the cuto
parameterL51800 MeV/c which is a typical value for
meson-exchange models@21,22#. The on-shell momentump0
is given by

p0
25

@s2~M2m!2#@s2~M1m!2#

4s
, ~40!

whereM andm are the nucleon and meson masses, resp
tively, and

s5M2. ~41!

The meson-nucleon couplings with theS11 isobar are speci-
fied by the separable potential models of the coup
hN-pN-sN system described above. We also included
the driving terms the contribution of the heavy mesonsh8
ands8 with masses of 958 and 980 MeV, and nucleon ver
functions similar to Eqs.~35! and~37!, respectively. We note
that the coupling vertex of one of these mesons with theS11
is the coupling vertex of the other one with the nucleon, d
to parity. We took thepNN coupling constant valuef p

50.079, andms52mp and f s50.798, as given in Ref.
@23#.

D. The NN initial-state interaction

The initial-state nucleon-nucleon interaction for this pro
lem is needed at energies well above the pion-produc
threshold, and no realisticNN potential built so far is valid
6-6
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THE REACTION np→hd NEAR THRESHOLD PHYSICAL REVIEW C 66, 034606 ~2002!
for this energy range, and describes satisfactorily the n
vanishing nucleonic inelasticities. Therefore,we construc
a purely phenomenological extension of the ParisNN poten-
tial, to those energies, by including an energy dependent
justable imaginary term

V~p,p8!5VParis~p,p8!2 ig
pp8

~a21p2!~a21p82!
.

~42!

The parametersg50.6 anda50.75 fm21 were obtained by
fitting the experimental amplitude of Arndtet al. @24# very
near theh production energy threshold. TheNN amplitude
in the 1P1 initial nucleonic channel could then be calculat
from the Lippman-Schwinger equation with the complex p
tential above tuned this way. As a result, theNN initial-state
interaction yields a suppression of the cross section of a
tor 5 ~i.e., the cross section gets multiplied by a factor 0.!,
approximately a constant reduction factor, as usually
sumed for the nucleon-nucleon interaction at high energ
@25,26#.

It is interesting to compare our tratment of the initial-sta
interaction with other methods proposed in the literatu
Hanhart and Nakayama@27#, for example, neglect the prin
cipal part in the last integration of Eq.~34!, i.e., they assume

mN

qN0
2 2qN

2 1 i e
→2p imNd~qN0

2 2qN
2 !. ~43!

Fäldt and Wilkin @28#, on the other hand, multiply the pro
duction amplitude by the factore2Im(dL) so that the cross
section gets multiplied by the factore22Im(dL). With our
potential ~42! we get at theh threshold a 1P1 nucleon-
nucleon amplitude~in Argand diagram normalization! of
(20.244,0.583). Using this amplitude, the Hanhart and N
kayama prescription gives a reduction factor of 0.233 wh
is 17% larger than our reduction factor of 0.2. The Fa¨ldt and
Wilkin prescription, on the other hand, gives a reduction f
tor of 0.515 which is more than twice the reduction fac
obtained with either ours or Hanhart and Nakayama’s p
scriptions.

III. RESULTS

A. The hd elastic channel

We started by calculating thehd scattering length and
elastic cross section in order to compare with our previ
results@4,5#.

We present in Table II the predictions for thehd scatter-
ing length of the seven separable models for the coup
hN-pN-sN system. We show the results obtained consid
ing

~i! h exchange only in the Faddeev equations of Fig
@only the first term in the right hand side of Eq.~22!#,

~ii ! h andp exchange@the first and second terms in th
right hand side of Eq.~22!#,

~iii ! h-p ands exchange@all three terms in the right han
side of Eq.~22!#.
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Table II evidences that theh contribution is the dominan
one, with thep and s contributions having a very sma
effect on thehd scattering length.

In the previous work of Ref.@5# the pion contribution was
much larger, due to the fact that thehN→pN transition
amplitude was not sufficiently well constrained by the se
rable potentials. Consequently, those first models lead
p2p→hn cross section two to three times larger than t
experimental one shown in Fig. 1. Our new results exhib
smaller effect from the pion rescattering contribution and
thus consistent with the results found by Fix and Arenho¨vel
@29# and Wycech and Green@30#.

In spite of the new feature just mentioned, the new resu
as the previous ones@4,5#, do not imply the existence of a
hNN quasibound state~whose signature is that the real pa
of the hd scattering length becomes negative while t
imaginary part becomes large!.

We show in Fig. 4 thehd elastic cross section predicte
by the seven models. The figure illustrates that the cr
section at threshold increases by one order of magnitu
from model 0 to model 6, i.e., from ReahN50.42 fm to
Re ahN51.07 fm: the strength of thehd final-state interac-
tion in the reactionnp→hd depends naturally on the valu
of Re ahN .

TABLE II. hd scattering length~in fm! predicted by the seven
separable potential models of the coupledhN-pN-sN system. We
give the results obtained including onlyh exchange,h andp ex-
change, andh-p ands exchange in the driving terms of Fig. 2.

Model ahN h h1p h1p1s

0 0.421 i0.34 1.011 i1.24 1.001 i1.28 0.991 i1.28
1 0.721 i0.26 2.531 i1.51 2.561 i1.51 2.571 i1.51
2 0.751 i0.27 2.751 i1.64 2.751 i1.62 2.761 i1.62
3 0.831 i0.27 3.281 i1.93 3.281 i1.91 3.301 i1.91
4 0.871 i0.27 3.551 i2.07 3.561 i2.05 3.571 i2.04
5 1.051 i0.27 4.911 i2.72 4.921 i2.70 4.931 i2.70
6 1.071 i0.26 4.771 i2.25 4.791 i2.25 4.791 i2.24

FIG. 4. hd elastic scattering cross section obtained using
seven models of the coupledhN-pN-sN system.
6-7
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B. The reaction np\hd

Our model of thenp→hd reaction depicted in Fig. 3 ha
the hNN coupling constant as an input. However this co
pling is poorly known. The situation is no better for th
coupling constants of the heavy mesons with the nucleon
with the S11 isobar. Therefore, at the first stage of our stu
we consider the model of Fig. 3 without heavy meson
changes and use the data ofnp→hd to try to fix thehNN
coupling constant. In this attempt we noticed that the res
differ considerably whether one uses the pseudovector ve
~35! or the pseudoscalar one~38!. This vertex dependenc
comes exclusively from the direct production diagram of F
3~a!, since the box diagram gives almost exactly the sa
results with either type of coupling. We found that at th
stage the pseudoscalar vertex~which leads to a negligible
contribution for the direct term! allows us to obtain a bette
description of the experimental data. We show this resul
Fig. 5, where after having fitted for each model the ve
near-threshold region~see Fig. 6! we predicted from there

FIG. 5. Cross section of the reactionnp→hd for the seven
models described in the text as compared with the data of R
@1,2#.

FIG. 6. Same as Fig. 5 but for the region very near threshold
03460
-

nd

-

ts
ex

.
e

n
-

the cross section at higher energies.
It is clear from Figs. 5 and 6 that
~i! the very low-energy region (,10 MeV in the c.m.! is

not the suitable kinematic domain for thenp→hd reaction
to probe the severalhN dynamical models, since the da
does not distinguish and select between them;

~ii ! however, the higher-energy region clearly favo
model 0, the only one which describes the data reason
well throughout the full energy range.

Besides, as we will see below, this preference of the d
for a model with small ReahN is to a large extent indepen
dent of the production mechanism, indicating that the ch
acteristic shape of the experimental cross section is a si
ture of the hd final-state interaction alone, whereas
absolute value involves the contribution of several differe
processes. This result is not so surprising since as we m
tioned in the Introduction this system has a very stronghd

FIG. 7. Same as Fig. 5 but with the inclusion of the hea
pseudoscalar mesonh8.

FIG. 8. Same as Fig. 5 but with the inclusion of the heavy sca
mesons8.

fs.
6-8
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interaction in the final state and therefore it follows fro
Watson’s theorem@31# that the shape of the cross section w
be determined basically by this final-state interaction.

The values of thehNN coupling constant that we extrac
from this analysis aref h510.0, 6.16, 8.03, 7.1, 6.77, 7.52
and 11.9, for models 0 to 6. These coupling constants
very large since if we considergh5(2mN /mh) f h we will
get for model 0gh

2/4p593.2. This quantity is not wel
known but certainly it must be much smaller. For examp
the Bonn potential@32# requires 2,gh

2/4p,7, while the
Nijmegen potential@33# usesgh

2/4p50.25, and the photo
production process gives 1.0,gh2/4p,1.4 @34# or even
smaller values@35# from more recent data. Also, the ligh
cone QCD sum rule@36# gives gh

2/4p50.360.15. Thus, it
seems that other processes have to contribute substantia
the production mechanism, in order to allow for a smal
hNN coupling constant as dictated by several sources
evidence. The present lack of knowledge on these proce
prevents the prediction of thehNN coupling constant from
the study of thenp→hd reaction at this stage.

Accordingly, we include the exchange of a heavy mes
~isoscalar, scalar, or vector! in the production mechanism
but used the fixed valuef h51.5, which corresponds to
gh

2/4p52.1, i.e., the lower limit determined from the Bon
potential. We show in Fig. 7 the results that are obtained
allowing in the production mechanism a pseudoscalar
change corresponding to theh8 meson. Once more, th
shape of the cross section can only be reproduced at al
ergies by model 0, and the theoretical cross sections are
tually very similar to those of Fig. 5. We adjusted the prod
of the coupling constants of theh8 with the nucleon and with
the S11 for models 0 to 6. Since thehNN coupling constant
is now much smaller, the relative importance of the dir
term in the production amplitude is reduced and the diff
ence between pseudovector and pseudoscalar coupling
comes less drastic. This is shown by the thick-dashed lin
Fig. 7, which corresponds to model 0 and the coupling c
stant values of the solid line, but where the pseudove
vertex ~35! is used instead.

We show in Fig. 8 the results obtained when instead of
h8 the mechanism of meson production includes the
change of as8 @the f 0~980!#. The product of the coupling
constants of thes8 with the nucleon and with theS11 were
adjusted again for models 0 to 6. Once again, only mod
gives more or less reasonable results and there is not m
difference between the results of pseudovector and pse
scalar coupling. In the case of vector-meson exchange,
dominant contribution, which corresponds to total orbital a
gular momentumL50, has exactly the same structure as
one of the pseudoscalar-meson exchanges considered
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therefore the results would be similar to those of Fig. 7.
Finally, we conclude from the results of Figs. 7 and 8 th

different short-range mechanisms can be adjusted to
magnitude of the cross section. Most importantly is that, n
ertheless, the good description provided by model 0 for
energies, and essential for thehd dynamics in the final state
is independent of the production mechanism considered.

C. Conclusions

We calculated thenp→hd cross section by
~i! doing a three-body Faddeev calculation of the fin

state interaction,
~ii ! generating an initial-state wave function with a com

plex phenomenological two-nucleon potential, which rep
duces well the1P1 phase shifts and the nucleonic inelastic
ties in the region near theh production threshold, and

~iii ! testing severalhN interactions consistent with recen
data analyses of the empirichN→hN transition amplitudes,
and also with the measuredp2p→hn total cross section.

We first verified that the determination of thehNN cou-
pling strength from this reaction depends crucially on t
meson production mechanisms. Moreover, a reason
value for that coupling demands the contribution of sho
range processes; thus effort is still needed to further nar
the experimental uncertainty on thehNN coupling constant
from other processes, such that fixing the strength of th
short-range mechanisms becomes possible.

The general concluding remarks from this work are
~i! the shape of thenp→hd cross section within a wide

energy range can only be explained by anhN interaction
model corresponding to a small scattering length~e.g the
Jülich model!; this is independent of the meson producti
mechanisms considered, and

~ii ! in the region very close to threshold (,10 MeV), the
enhancement effect due to the final-statehd interaction can
be predicted by hN interactions with very different
strengths, provided that the production mechanisms are
veniently adjusted; it is the higher energy region which e
cludes the large scattering lengthhN models. It follows that
both domains of energy have to be taken into considera
in any data analysis, as done in Ref.@16,37#, for instance.

ACKNOWLEDGMENTS

This work was supported in part by COFAA-IPN
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