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hN final state interaction in incoherent photoproduction of h mesons
from the deuteron near threshold
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An analysis of incoherent photoproduction ofh mesons off the deuteron for photon energies from threshold
to 800 MeV is presented. The dominant contribution, thegN-hN amplitude, is described within an isobar
model. Effects of the final state interactions in the nucleon-nucleon as well ashN systems are included,
employing models derived within the meson-exchange approach. It is found that their consideration is impor-
tant. Specifically, due to an interference effect, the influence of thehN final state interaction is enhanced in the
reactiongd→nph close to threshold.
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I. INTRODUCTION

For a long time the determination of the low-energy pro
erties of thehN interaction has been a challenging subject
meson-nucleon physics. In fact, the actual size of thehN
scattering length is still an open question, and there is s
stantial disagreement between different theoretical pre
tions.

Knowledge about the low-energy behavior of thehN in-
teraction is extracted either from the analysis of resona
models of the reactionspN→hN and gN→hN @1–4# or
from coupled channelK-matrix @5–8# or T-matrix @9–12#
approaches, which in addition include the available inform
tion on pN scattering. The current predictions of the imag
nary part of thehN scattering length vary between 0.16 a
0.37 fm, while the variation of the real part ranges from 0.
to 1.05 fm. Calculations based on an effective Lagrang
approach@13–16# tend to provide scattering lengths on th
lower end of the range given above, whereas a result fro
chiral heavy baryon expansion@17# lies roughly in the
middle of this range.

In principle, thehN interaction could be deduced@18#
from h-meson production in nuclear reactions lik
g-nucleus, p-nucleus, p-nucleus, or heavy-ion collisions
However, in those cases the extractedhN parameters should
be considered relevant only for in-mediumh-meson scatter-
ing, and might not represent the vacuum parameters@19#.
Thus the study ofh-meson production in few-body system
is certainly more promising with regard to that, specifica
because for such reactions a wealth of rather accurate
has become available over the last few years. That is, thehN
scattering length might be inferred from experiments onpd
→3Heh @20–22# or np→dh @23,24# by applying models
which relate the measured3He h anddh scattering lengths
with the one forhN. In this context it should be noted tha
both pd→3Heh and pn→dh measurements indicate a si
able final-state interaction~FSI! due to theh meson, and thus
may be sensitive to the model employed.

Of course it should also be expected that the reacti
pp→pph @25–28# andgd→nph data@29# show a sensitiv-
ity to thehN FSI for energies near the production thresho
0556-2813/2002/65~4!/044007~7!/$20.00 65 0440
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However, it is still an open question whether an analysis
these reactions will allow one to pin down thehN scattering
length in a model-independent way. Therefore, it is import
to investigate a larger class ofh-production reactions and se
to what extent predicted values for thehN scattering length
are compatible with each other.

Here we investigate the effect of thehN FSI in incoherent
photoproduction ofh mesons from a deuteron near thres
old. We extend a previous study@30#, where thegd→nph
total and differential cross sections were calculated by c
sidering the impulse approximation as well as the neutr
proton (np) FSI. In that work it turned out that thenp FSI
can account for a large part of the experimentally obser
enhancement of the production cross section near the thr
old. However, some discrepancies from the data still rem
specifically at very small excess energies. This discrepa
could be a signal of thehN FSI, and therefore we want to
address this question in the present paper. In our prev
study we also established that the effect of thenp FSI does
not depend on the specific model for the nuclear force, si
the contributions of intermediate states with large mome
are suppressed through the integration over the deut
wave function. This feature, specific to the photoproduct
reaction on the deuteron, is definitely of advantage if o
wants to study the sensitivity of the cross section near thre
old to thehN interaction.

For thehN FSI we utilize a microscopic model develope
by the Ju¨lich group @31,32#, which is a coupled-channe
model for pN scattering that includes thehN channel and
quantitatively describes thepN phase shifts and inelasticit
parameters in both isospin channels for partial waves up
J5 3

2 and pion-nucleon center-of-mass~c.m.! energies up to
1.9 GeV@32#. Specifically, it provides a realistic descriptio
of the quantities relevant for the present investigatio
namely, theS11 pN phase shift and thepN→hN transition
cross section. In Sec. II we give a short introduction to t
model, discuss its predictions for thehN interaction, and
estimate relevant uncertainties of the model. In Sec. III
describe the details of our treatment of thenp andhN FSI in
the reactiongd→nph. Furthermore, we present our resu
©2002 The American Physical Society07-1
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TABLE I. Compilation of different values for thehN scattering lengthahN as evaluated by resonanc
models~RM!, T- or K-matrix approaches, or chiral effective Lagrangians (xEL). The reference in the table
shows only the first author together with the year of publication. The channels included in the analys
also listed.

ahN ~fm! Reference Year Model Channels

0.271 i0.22 Bhalerao@1# 1985 RM pN→pN,hN,pD

0.251 i0.16 Bennhold@2# 1991 RM pN→pN,hN,
→ppN;gN→hN

0.981 i0.37 Arima@9# 1992 T pN→pN,hN
0.551 i0.30 Wilkin @3# 1993 FSI pN→hN
0.511 i021 Sauermann@5# 1995 K pN→pN,hN
0.681 i0.24 Kaiser@13# 1995 xEL pN→pN,hN,

→KL,KS

0.8881 i0.279 Batinić@10# 1995 T pN→pN,hN
0.4761 i0.279 Fa¨ldt @4# 1995 RM pN→hN

gN→hN
0.6211 i0.306 Abaev@11# 1996 T pN→hN

K̄N→hL

0.511 i021 Deutsch-Sauermann@6# 1997 K pN→pN,hN
gN→pN,hN

0.201 i0.26 Kaiser@14# 1997 xEL pN→pN,hN
0.741 i0.27 Green@7# 1997 K pN→pN,hN

gN→pN,hN
0.7171 i0.263 Batinić@12# 1998 T pN→pN,hN
0.871 i0.27 Green@7# 1999 K pN→pN,hN

gN→pN,hN
1.051 i0.27 Green@8# 1999 K pN→pN,hN

gN→pN,hN
0.321 i0.25 Caro Ramon@15# 2000 xEL pN→pN,hN
0.7721 i0.217 Nieves@16# 2001 xEL pN→pN,hN,KL,KS

0.541 i0.49 Krippa@17# 2001 xEL pN→pN,hN
0.421 i0.34 present work~Krehl @32#! 2001 T pN→pN,hN, etc.
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and analyze the influence of thehN FSI in detail. Finally, in
Sec. IV, we provide a short summary.

II. hN INTERACTION

Basic information about the low-energy behavior of a
interaction is given by the scattering length. Since the
hancement of theh photoproduction cross section is on
seen for very lowh momenta, one may assume that th
enhancement is caused primarily by the low-energy beha
of the hN interaction, and thus by the physics contained
thehN scattering lengthahN . However, as already discusse
in Sec. I, this quantity is not too well determined. A list
currently available values forahN is given in Table I together
with the method and reactions involved in the extraction
those values. This compilation1 clearly indicates that the

1We note that in a status review@36# of the hN scattering length,
the results of Ref.@3# were misinterpreted as being extracted fro
pd→3Heh data. ThehN scattering length@3,36# actually comes
from an analysis of thep2p→nh data.
04400
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present status of knowledge about thehN scattering length is
far from being satisfactory.

In our investigation of the influence of thehN FSI in the
h photoproduction reaction, we employ a meson-excha
model developed forpN scattering@31,32# starting from a
chiral invariant Lagrangian, which includes thepN andhN
channels, and in addition reaction channels which can de
into two pions and a nucleon, namely,sN, rN, and pD.
Here s and r are notations for the correlated exchange
two pions in the scalar-isoscalar and vector-isovector ch
nels, respectively. The model describes thepN phase shifts
and inelasticities quantitatively up to 1.9 GeV, and also
produces available data forp2p→hn differential cross sec-
tions. Thus it is very well suited for the investigation w
want to carry out. In particular, the model has the advant
that it allows us to calculate thehN reaction amplitude for
any on- as well as off-shell momenta, as is required for
evaluation of thehN FSI effects, without making additiona
assumptions.

In Fig. 1 the Feynman diagrams that define the quasi
tential for thepN-hN and thehN-hN transitions are shown
These diagrams are the relevant ones for the calculatio
7-2
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hN FINAL STATE INTERACTION IN INCOHERENT . . . PHYSICAL REVIEW C 65 044007
the hN t matrix, which is derived within time-ordered pe
turbation theory in order to have a well-defined off-shell b
havior. Further details of the model can be found in R
@32#. The pN channel is coupled with thehN channel by
s-channel exchanges of theN* (1520), N* (1535), and
N* (1650) baryonic resonances. The exchange of a nuc
in the u channel is also taken into account. In addition,
allow for the exchange of an effectivea0 meson in thet
channel, representing a correlatedph exchange@33#.

Within this model@32#, the optimal fit to thepN phase
shifts and inelasticities overestimates the totalp2p→hn
cross section by roughly 15%. In order to reproduce
p2p→hn cross section, for the present calculation we ha
weakened the coupling of the effectivea0 meson at the
pha0 vertex. This leads to an underestimation of thepN
inelasticities in theS11 partial wave in the vicinity of the
N* (1535) resonance. In Ref.@34#, this problem was handled
by the introduction of an effectiveppN reaction channel,
but which has quantum numbers that cannot be interpr
by resonant two-pion states. One may take the results of
@34# as a hint that an approximate treatment of the thr
body dynamics of theppN channel by resonances is n
adequate. In the context of this work, we do not try to
solve this problem, but will consider the above-mention
change in the coupling of thea0 meson as a theoretical un
certainty of our model, and discuss its consequences on
size of the low energyhN parameters and theh photopro-
duction cross section.

The real and imaginary parts of the scattering amplitu
in thehN partial-wave amplitudeS11 are shown in Fig. 2 as
function of theh-meson momentumq given in thehN c.m.
system. The symbols represent the scattering amplitude
tained from the full calculation, while the solid line indicate
the effective range expansion of the scattering amplit
with the scattering lengthahN and effective ranger hN given
by

FIG. 1. The Feynman diagrams of the meson-baryon effec
Lagrangian that constitute the Born terms for the transitions in
pN-hN and thehN-hN channels.
04400
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ahN50.421 i0.34 fm,

r hN522.01 i0.8 fm. ~1!

Here the low-energy parameters are related to the on-s
hN scattering amplitudef (q) by

f ~q!5F 1

ahN
1

r hNq2

2
2 iqG21

, ~2!

andahN5 lim
q→0

f (q). The relation between thehN scatter-

ing amplitude andthN matrix is given in our normalization a

f ~q!52p
Aq21mN

2Aq21mh
2

Aq21mN
2 1Aq21mh

2
thN~q,q!, ~3!

where mN and mh are the nucleon andh-meson masses
respectively. In order to show the dependence of thehN
scattering amplitude on the low-energy parameters,
dashed line in Fig. 2 gives the effective range expansionf
with the parameters of Ref.@8#, namely,

ahN50.751 i0.27 fm,

r hN521.52 i0.24 fm. ~4!

It is very clear that the two different scattering amplitud
exhibit a substantial difference both in absolute value and
the momentum dependence of thehN scattering amplitude.

Table I indicates that thehN interaction is also frequently
described in a resonance model approach. In order to d
onstrate the strong interplay between resonant and nonr

e
e FIG. 2. The real and imaginary parts of thehN scattering am-
plitude f in the S11 partial wave as function of the c.m. momentu
q. The symbols show the results of the Ju¨lich meson-baryon mode
@32#. The circles stand for the real part, while the squares indic
the imaginary part. The solid lines show the effective range exp
sion using the parameters of Eq.~1!. The dashed lines indicate th
effective range expansion with parameters of Eq.~4! from Ref. @8#.
7-3
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A. SIBIRTSEV et al. PHYSICAL REVIEW C 65 044007
nant contributions in the case of the Ju¨lich model, we isolate
the resonant piece and compare its amplitude to the
given by the full model. The solid symbols in Fig. 3 indica
the real~dots! and imaginary~squares! part of thehN S11
partial wave scattering amplitude calculated with t
N* (1535) resonance alone. The solid lines represent the
hN scattering amplitude given by the effective range exp
sion with the parameters of Eq.~1!, and correspond to the
solid lines in Fig. 2. This comparison clearly shows that
nonresonant contribution is quite large at small momentq
<300 MeV/c, and thus the interplay between resonant a
nonresonant contributions is very important for the scatter
length.

III. REACTION gd\nph

The lowest-order contributions for the reactiongd
→nph are depicted in Fig. 4. In our previous study@30# of
this reaction, we considered the production ofh mesons via
the dominantS11~1535! resonance~impulse approximation!,
shown in Fig. 4~a!, and thenp FSI as indicated in Fig. 4~b!.
Explicit details of the model for the direct production we
given in Ref.@30#, and will only be briefly summarized here
Using the impulse approximation~IA ! the amplitudeMIA of
the reactiongd→nph for a given spinSand isospinT of the
final nucleons can be written as

MIA5AT~s1!f~p2!2~21!S1TAT~s2!f~p1!. ~5!

Here f(pi) stands for the deuteron wave function,pi ( i
51,2) is the momentum of the proton or neutron in the d

FIG. 3. The real and imaginary parts of thehN scattering am-
plitude f in the S11 partial wave as function of the c.m. momentu
q showing the contribution from theN* (1535) resonance of the
Jülich meson-baryon model@32#. The circles stand for the real pa
of f, while the squares show the imaginary part. As a guide to
eye, the solid lines indicate the effective range expansion given
the full model, is shown in Fig. 1.
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teron rest frame, andAT denotes the isoscalar or isovect
h-meson photoproduction amplitude at the squared invar
collision energysN given by

sN5s2mN
2 22~Eg1md!EN12kWg•pW i . ~6!

The photon momentum is given bykWg , and the invariant
mass bys5md

212mdEg . Details of the photoproduction
amplitudeAT were described in Ref.@30#.

The result for the total cross section for the reactiongd
→nph based on the impulse approximation is shown by
dotted line in Fig. 5 in comparison to experiment@29#. The
cross section is shown as a function of the photon be
energyEg ~lower axis! and as a function of the excess ener
~upper axis!. Here the excess energy is defined as

e5As2mp2mn2mh . ~7!

The particle masses adopted in our calculations
md51875.61339 MeV, mp5938.27231 MeV, mn
5939.56563 MeV, andmh5547.3 MeV. We explicitly in-
dicate the masses with the available accuracy, since the
cess energy depends on those values, and thus the acc
is important for the analysis of the data especially very clo
to the reaction threshold. A comparison with experime
shows that the impulse approximation reproduces the d
well for excess energiese>50 MeV; however, there is a
clear underprediction of the data for energies closer
threshold.

In the next order of the scattering expansion, the FSI
the nucleon-nucleon~NN! system and theh-nucleon system
need to be considered. The effect of the FSI in theNN chan-
nel is expected to be the stronger one, and was previo
studied @30#, but for completeness we repeat the essen
ingredients here. The amplitude describing theNN FSI can
be written as

MNN5tNNgNNAT. ~8!

e
y

FIG. 4. The diagrams for the reactiongd→nph: ~a! the impulse
approximation~IA !, ~b! the IA with NN final state interaction rep
resented by the NNt matrix, and~c! the IA and hN final state
interactions. HereA denotes thegN2hN transition operator.
7-4
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hN FINAL STATE INTERACTION IN INCOHERENT . . . PHYSICAL REVIEW C 65 044007
HeretNN denotes the half-shellnp scattering matrix andgNN
the two-nucleon propagator. Explicitly, the amplitude for t
diagram shown by Fig. 4~b! is given by

MNN5mNE dk k2
tNN~q,k!AT~sN8 !f~pN8 !

q22k21 i e
, ~9!

with q being the nucleon momentum in the finalnp system
and

pW N8 5kW1
kWg2pW h

2
. ~10!

Here ph represents theh-meson momentum andpN8 5upW N8 u.
The half-shellnp scattering matrix in the1S0 and 3S1 partial
wavestNN(q,k) is obtained at corresponding off-shell m
mentak from the charge-dependent~CD! –Bonn potential
@35#, which describes theNN data base with ax2/datum of
about 1. However, as already pointed out in Ref.@30#, all
modern, high-precisionNN interactions would give the sam
result, since due to the integration over the deuteron w
function in Eq.~9! possible off-shell differences in theNN
potentials are strongly suppressed.

The amplitude with thehN FSI is graphically represente
in Fig. 4~c!, and given as

MhN5thNghNAT, ~11!

FIG. 5. The total cross section for inclusive photoproduction
h mesons off deuterium as a function of the photon energyEg

~lower axis! and the excess energye ~upper axis!. The experimental
data are taken from Ref.@29#. The dotted line shows our IA calcu
lation @30#, while the dashed line is the result withnp final state
interaction. The solid line shows the full result, including thehN
final state interaction from the Ju¨lich meson-baryon model.
04400
e

where thN is the half-shellhN scattering matrix. ThehN
propagator is indicated byghN . Explicitly, the amplitude is
written as

MhN5
mNmh

mN1mh
E dk k2

thN~q,k!AT~sN9 !f~pN9 !

q22k21 i e
. ~12!

The h-meson momenta in the final and intermediate state
the hN system are given byq andk, f stands for the deu-
terons wave,thN(q,k) is the half-shellhN scattering matrix
in the S11 partial wave, and

pW N9 5kW1
mN~kWg2pW N!

mN1mh
, ~13!

wherepW N is the momentum of the outgoing proton or ne
tron in the deuteron rest frame.

The total cross sectiongd→nph including thenp and
hN FSI in s waves is displayed in Fig. 5. The dashed li
shows the result for the impulse approximation plusnp FSI.
As pointed out in Ref.@30#, the consideration of thenp FSI
alone already provides an almost perfect description of
experimental cross section. The additional consideration
the hN FSI, as given by the meson-baryon model describ
in Sec. II, leads to the solid line in Fig. 5. As expected, t
attractivehN FSI enhances the cross section very close
the reaction threshold. However, for excess energies in
range of 10>e>40 MeV the presently available experime
tal values are slightly overpredicted. We also observe that
excess energies larger than 40 MeV there is hardly any ef
of the hN FSI any longer. The same is true for thenp FSI.

It is illuminating to look at the difference in the relativ
strengths of the two different final state interactions and th
possible interference in our full calculation of theh photo-
production cross section. For a more detailed insight, in F
6 we plot the ratio of calculations with the final state inte
actions included separately to the calculation based on
impulse approximation alone. The dotted line in Fig. 6 re
resents the calculation including only thehN FSI, and the
dashed line only theNN FSI. From this, it is clear that the
NN FSI is the dominant one. The ratio of the full calculatio
containing both, thehN andNN FSI, to the impulse approxi-
mation is given by the solid line. A comparison to the tw
other curves shows that the two final state interactions in
fere constructively at small excess energies, which magn
the effect of the relatively weakhN FSI.

In order to study the effects of thehN interaction close to
the reaction threshold in more detail, we divide the expe
mental points by our calculation containing the IA and t
np FSI, i.e., the result of the dashed line in Fig. 5. Now t
enhancement in the cross section for the reactiongd
→nph close to threshold becomes visible by a deviati
from one for excess energiese<40 MeV; cf. Fig. 7. This
enhancement, which is present in the data, is seen in the
calculation containing thehN FSI as well. The solid line in
Fig. 5 corresponds to the lower bound of the shaded ban
Fig. 7. ThehN interaction discussed in Sec. II leads to
scattering lengthahN50.421 i0.34 fm @cf. Eq. ~1!#. Since

f

7-5



th

d

o
efl

w
-

we

-

ts
e

he
th

tu

t

w

nti-

Eq.
-

l-
of

ld

th
r-

for

ise
nce

ring
n-
jor

n-

io
y
te

ion
y
tion

s

i-

A. SIBIRTSEV et al. PHYSICAL REVIEW C 65 044007
this model leads to a slight overprediction of thep2p
→hn cross section, we have produced a variant model
also fits the data~cf. the discussion in Sec. II!. In the latter
model thehN interaction is somewhat more attractive, lea
ing to a scattering length ofahN50.541 i0.18. The corre-
sponding total cross section for the reactiongd→nph is
given in Fig. 7 by the upper bound of the shaded area. C
sequently, the shaded area in Fig. 7 can be seen as a r
tion of the theoretical uncertainty in thehN interaction aris-
ing within the Ju¨lich meson-baryon model.

Indeed, it is interesting to explore more thoroughly ho
strongly our calculation of thehN FSI depends on the spe
cific properties of thehN interaction. In order to study
whether there is a sensitivity to the off-shell behavior,
carried out calculations where thehN amplitude is replaced
by its effective range expansion of Eq.~2!, i.e., basically by
the on-shellhN t matrix. ~Note that the quality of the effec
tive range expansion as compared to the fullhN t matrix is
shown in Fig. 2.! Surprisingly, we obtained identical resul
for the h photoproduction cross section when using eith
the hN t matrix from the effective range expansion or t
one from the full model. This can be explained through
relatively good representation of thehN scattering amplitude
by the effective range expansion for quite a large momen
range, as illustrated in Fig. 2, as well as a very weakk de-
pendence of the half-shellhN t matrix, thN(q,k). As an
aside, we want to emphasize that an argument along
same lines with respect to thenp FSI and its effective range
expansion is not valid, since the energy dependence as
as the dependence on the off-shell momentum of theNN t
matrix is much stronger.

FIG. 6. The cross-section ratios for inclusive photon product
of h mesons off the deuteron as a function of the excess energe.
Shown are our calculations including the indicated final state in
actions divided by the impulse approximation~dotted line!. The
solid line indicates the full calculation containingnp andhN FSI’s.
The dashed line stands for a calculation including only thenp FSI,
whereas the calculation for the dotted line includes only thehN
FSI.
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The next logical step is to see whether even more qua
tative information about the strength of thehN interaction at
low energies can be extracted. Since we found that thehN
amplitude obtained with the effective range expansion of
~2! is numerically identical to the full calculation of the am
plitude @Eq. ~12!#, we can explore the effect of different va
ues for thehN low energy parameters on the cross section
the reactiongd→nph close to threshold. Our studies cou
establish that calculations of theh-photoproduction cross
section are not sensitive to the effective range parameterr hN
of Eq. ~2!, leaving the only sensitivity to the scattering leng
ahN . In Fig. 7 we also display two calculations with scatte
ing lengthsahN50.251 i0.16 fm @2# ~dashed line! andahN
50.741 i0.27 fm@7# ~dash-dotted line!. The figure suggests
that the presently available data for the total cross section
e<40 MeV show a preference for smaller values of thehN
scattering lengths listed in Table I. Obviously more prec
data are highly desirable to confirm these indications. Si
the calculations with different values forahN involve differ-
ences in the real as well as imaginary parts of the scatte
length, we investigated which of the two is mainly respo
sible for the effects shown in Fig. 7, and found that the ma
contribution to the size of thehN FSI in this reaction stems
from the interference of the real part ofahN with theNN FSI.

IV. SUMMARY

We calculated the reactiongd→nph, including the domi-
nant contribution by theS11(1535) resonance in the eleme

n

r-

FIG. 7. The cross-section ratios for inclusive photon product
of h-mesons off the deuteron as a function of the excess energe.
Shown is the experimental cross section divided by our calcula
@30# containing IA andnp FSI ~dashed line of Fig. 6!. The solid line
indicates the full calculations containing thehN FSI divided by the
calculation containing IA andnp FSI. The dotted and dashed line
show the calculations withhN scattering lengthsahN50.74
1 i0.27 and 0.251 i0.16 fm, respectively. The hatched area ind
cate the uncertainty of the calculations with thehN FSI taken from
the Jülich meson-baryon model, as discussed in the text.
7-6
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hN FINAL STATE INTERACTION IN INCOHERENT . . . PHYSICAL REVIEW C 65 044007
tary process and the final state interactions between all
going particles. Those final state interactions influence
cross section for inclusive photoproduction ofh mesons only
for excess energies of theh meson smaller than 40 MeV. A
higher energies the cross section is solely given by the
pulse approximation.

The FSI between the outgoing nucleons is essentia
bring the calculated cross section into the vicinity of t
experimental values. Due to a constructive interference ef
thehN final state interaction provides an additional enhan
ment of the production cross section at energies close
threshold, as required by the data. We found that the effec
the FSI resulting from thehN interaction can be well incor
porated into the model calculation by resorting to an eff
tive range expansion fitted to the full scattering amplitude
the hN model. Guided by this finding, we consideredhN
final state interactions given by effective range expansi
v.
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with different values for the scattering length, and conclud
that the presently available cross section measurement fo
reactiongd→nph favor moderate values of the real part
the scattering lengthahN .
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