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»N final state interaction in incoherent photoproduction of » mesons
from the deuteron near threshold

A. Sibirtsev* S. Schneidet,Ch. Elstert? J. Haidenbauer,S. Krewald* and J. Speth
Nnstitut fir Kernphysik, Forschungszentrumlidgh, D-52425 Jlich, Germany
2Institute of Nuclear and Particle Physics, Ohio University, Athens, Ohio 45701
(Received 30 November 2001; published 1 April 2D02

An analysis of incoherent photoproduction ®imesons off the deuteron for photon energies from threshold
to 800 MeV is presented. The dominant contribution, hi¢-»N amplitude, is described within an isobar
model. Effects of the final state interactions in the nucleon-nucleon as wejiNasystems 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 o#ttidinal state interaction is enhanced in the
reactionyd—np# close to threshold.
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[. INTRODUCTION However, it is still an open question whether an analysis of
these reactions will allow one to pin down th@\ scattering
For a long time the determination of the low-energy prop-length in a model-independent way. Therefore, it is important
erties of theyN interaction has been a challenging subject into investigate a larger class gfproduction reactions and see
meson-nucleon physics. In fact, the actual size of ¢  to what extent predicted values for th@ scattering length
scattering length is still an open question, and there is subare compatible with each other.
stantial disagreement between different theoretical predic- Here we investigate the effect of theN FSI in incoherent
tions. photoproduction ofy mesons from a deuteron near thresh-
Knowledge about the low-energy behavior of thE in-  old. We extend a previous studg0], where theyd—np»n
teraction is extracted either from the analysis of resonancental and differential cross sections were calculated by con-
models of the reactiongN— #N and yN— #N [1-4] or  sidering the impulse approximation as well as the neutron-
from coupled channeK-matrix [5—8] or T-matrix [9-12]  proton (Wp) FSI. In that work it turned out that thep FSI
approaches, which in addition include the available informacan account for a large part of the experimentally observed
tion on 7N scattering. The current predictions of the imagi- enhancement of the production cross section near the thresh-
nary part of thenN scattering length vary between 0.16 and old. However, some discrepancies from the data still remain,
0.37 fm, while the variation of the real part ranges from 0.25gpecifically at very small excess energies. This discrepancy
to 1.05 fm. Calculations basgd on an e_ffective Lagrangiaiould be a signal of theyN FSI, and therefore we want to
approach{13—14 tend to provide scattering lengths on the qqress this question in the present paper. In our previous
lower end of the range given above, whereas a result from g4y e also established that the effect of teFSI does
chiral heavy baryon expansiofl7] lies roughly in the o Genend on the specific model for the nuclear force, since
middle (.)f t.h's range. - . the contributions of intermediate states with large momenta
In principle, the 7N |nt_eract_|on could be dedu_ce[d8]_ are suppressed through the integration over the deuteron
from z-meson production in nuclear reactions like function. This feature, specific to the photoproduction
y-nucleus, m-nucleus, p-nucleus, or heavy-ion collisions. wave function. » Specil P prodt
reaction on the deuteron, is definitely of advantage if one

However, in those cases the extractgd parameters should o .
be considered relevant only for in-mediugmeson scatter- wants to study the sensitivity of the cross section near thresh-
old to the N interaction.

ing, and might not represent the vacuum paramet&gs. o , )
Thus the study ofp-meson production in few-body systems For th?,”N FSIwe utilize a MICroscopic model developed
is certainly more promising with regard to that, specifically Py the Jilich group [31,33, which is a coupled-channel
because for such reactions a wealth of rather accurate dafaedel for 7N scattering that includes thgN channel and
has become available over the last few years. That isythe duantitatively describes theN phase shifts and inelasticity
scattering length might be inferred from experimentspgh ~ Parameters in both isospin channels for partial waves up to
—3Hen [20-27 or np—d# [23,24 by applying models J=3 and pion-nucleon center-of-ma&sm) energies up to
which relate the measuretHe 7 andd# scattering lengths 1.9 GeV[32]. Specifically, it provides a realistic description
with the one foryN. In this context it should be noted that of the quantities relevant for the present investigation,
both pd— 3He» and pn—d# measurements indicate a siz- namely, theS;; mN phase shift and theN— 7N transition
able final-state interactioffrSI) due to they meson, and thus cross section. In Sec. Il we give a short introduction to this
may be sensitive to the model employed. model, discuss its predictions for theN interaction, and
Of course it should also be expected that the reactionsstimate relevant uncertainties of the model. In Sec. Il we
pp— pp7n [25-2§ and yd— np#n data[29] show a sensitiv- describe the details of our treatment of thgand »N FSI in
ity to the »N FSI for energies near the production threshold.the reactionyd—np. Furthermore, we present our results
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TABLE I. Compilation of different values for theyN scattering lengtra,, as evaluated by resonance
models(RM), T- or K-matrix approaches, or chiral effective Lagrangiag&l(). The reference in the table
shows only the first author together with the year of publication. The channels included in the analyses are

also listed.

a,y (fm) Reference Year Model Channels
0.27+i0.22 Bhalerad1] 1985 RM 7N— 7N, 7N, 7A
0.25+i0.16 Bennhold 2] 1991 RM wN— 7N, 7N,
—mwN; yN— 7N
0.98+i0.37 Arima[9] 1992 T mN— 7N, 7N
0.55+i0.30 Wilkin [3] 1993 FSI 7N— 7N
0.51+i021 Sauermanfb] 1995 K 7N— 7N, 7N
0.68+i0.24 Kaisef[13] 1995 XEL aN— 7N, 7N,
—KA,KS
0.888+i0.279 Batinic[10] 1995 T 7N— 7N, 7N
0.476+10.279 Fédt [4] 1995 RM mN— 7N
yN— 7N
0.621+10.306 Abae\11] 1996 T 7N— 7N
KN— A
0.51+i021 Deutsch-Sauermané] 1997 K 7N— 7N, 7N
yN— 7N, 7N
0.20+i0.26 Kaiser 14] 1997 xEL mN— 7N, 7N
0.74+i0.27 Greer{7] 1997 K mN— 7N, 7N
yN— 7N, 7N
0.717+i0.263 Batinic[12] 1998 T aN— 7N, 7N
0.87+i0.27 Greer{7] 1999 K 7mN— 7N, 7N
yN— 7N, 7N
1.05+i0.27 Greer{8] 1999 K 7N— 7N, 7N
yN— N, 7N
0.32+i0.25 Caro Ramohl5] 2000 xEL mN— 7N, 7N
0.772+10.217 Nieved 16| 2001 xEL 7N— 7N, 7N, KA K3
0.54+i0.49 Krippa[17] 2001 XEL aN— N, 7N
0.42+i0.34 present workKrehl [32]) 2001 T 7N— 7N, 7N, etc.

and analyze the influence of thg\N FSI in detail. Finally, in
Sec. IV, we provide a short summary.

present status of knowledge about tiie scattering length is
far from being satisfactory.
In our investigation of the influence of theN FSI in the
n photoproduction reaction, we employ a meson-exchange
model developed forrN scattering[31,32 starting from a
Basic information about the low-energy behavior of anychiral invariant Lagrangian, which includes the\ and 7N
interaction is given by the scattering length. Since the enchannels, and in addition reaction channels which can decay
hancement of they photoproduction cross section is only into two pions and a nucleon, namelyN, pN, and 7A.
seen for very lowz momenta, one may assume that thisHere o and p are notations for the correlated exchange of
enhancement is caused primarily by the low-energy behavidiwvo pions in the scalar-isoscalar and vector-isovector chan-
of the N interaction, and thus by the physics contained innels, respectively. The model describes t¢ phase shifts
the »N scattering lengtla, . However, as already discussed and inelasticities quantitatively up to 1.9 GeV, and also re-
in Sec. |, this quantity is not too well determined. A list of produces available data far~ p— »n differential cross sec-
currently available values fa,y is given in Table | together tions. Thus it is very well suited for the investigation we
with the method and reactions involved in the extraction ofwant to carry out. In particular, the model has the advantage

those values. This compilatibrelearly indicates that the that it allows us to calculate thgN reaction amplitude for
any on- as well as off-shell momenta, as is required for an

evaluation of thepN FSI effects, without making additional

We note that in a status reviei86] of the #N scattering length, ~asSumptions. ' ' .
the results of Ref[3] were misinterpreted as being extracted from  In Fig. 1 the Feynman diagrams that define the quasipo-

pd—3He# data. TheyN scattering length3,36] actually comes tential for thewN-»N and thenN-»N transitions are shown.
from an analysis of ther p—ny» data. These diagrams are the relevant ones for the calculation of

II. »N INTERACTION
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FIG. 1. The Feynman diagrams of the meson-baryon effective

Lagrangian that constitute the Born terms for the transitions in the _F'G- 2. The real and imaginary parts of th& scattering am-
7N-7N and thepN-7N channels. plitude f in the S;; partial wave as function of the c.m. momentum

g. The symbols show the results of thdida meson-baryon model
the »N t matrix, which is derived within time-ordered per- [32]. The circles stand for the real part, while the squares indicate

. . . the imaginary part. The solid lines show the effective range expan-
turbation theory in order to have a well-defined off-shell be-_. ina th ¢ The dashed lines indi "
havior. Further details of the model can be found in Ref.S'f?n ?S'ngt € parameters O.thE(q“)' et as ? |?es mRu;a[tg]t ©

. . effective range expansion with parameters of &g from Ref.[8].

[32]. The N channel is coupled with theyN channel by ge exp P €
s-channel exchanges of th&l*(1520), N*(1535), and

N* (1650) baryonic resonances. The exchange of a nucleon a,n=042+i0.34 fm,

in the u channel is also taken into ac_:count. In addltlon, we r=—2.0+i08 fm, 1)
allow for the exchange of an effective, meson in thet
channel, representing a correlatedy exchangd33]. Here the low-energy parameters are related to the on-shell

Within this model[32], the optimal fit to thewN phase 3N scattering amplitudé(q) by
shifts and inelasticities overestimates the totalp— zn
cross section by roughly 15%. In order to reproduce the
7~ p— mn cross section, for the present calculation we have
weakened the coupling of the effectiva meson at the
mnay vertex. This leads to an underestimation of thel  anda,y=lim__ f(q). The relation between thgN scatter-
inelasticities in theS,; partial wave in the vicinity of the — ing amplitude and,, matrix is given in our normalization as
N* (1535) resonance. In R€f34], this problem was handled
by the introduction of an effectivermN reaction channel, Vg2+miyg2+m?
but which has quantum numbers that cannot be interpreted f(qQ)=—-m t,n(0,0), (©)
by resonant two-pion states. One may take the results of Ref. 7
[34] as a hint that an approximate treatment of the three

body dynamics of ther#N channel by resonances is not -
; r ively. In order how th nden f 4
adequate. In the context of this work, we do not try to re- espectively order to show the dependence o

. ; . . cattering amplitude on the low-energy parameters, the
solve th!s problem, _but will consider the above-m_entlonedzashed line in Fig. 2 gives the effective range expansidn of
change in the coupling of the, meson as a theoretical un-

; ‘ . with the parameters of Reff8], namely,
certainty of our model, and discuss its consequences on the P efe] y

1 92 -1
= IaNA
am M IQ} , (2

f(q)=

Va*+my+ g+ m

where my and m, are the nucleon and-meson masses,

size of the low energyN parameters and thg photopro- a,n=0.75+i0.27 fm,
duction cross section.
The real and imaginary parts of the scattering amplitude r,n=—15-10.24 fm. (4)

in the »N partial-wave amplitud&,; are shown in Fig. 2 as

function of thep-meson momenturg given in theyN c.m. It is very clear that the two different scattering amplitudes
system. The symbols represent the scattering amplitude olexhibit a substantial difference both in absolute value and in
tained from the full calculation, while the solid line indicates the momentum dependence of thdl scattering amplitude.

the effective range expansion of the scattering amplitude Table | indicates that theN interaction is also frequently
with the scattering length, and effective range,, given  described in a resonance model approach. In order to dem-
by onstrate the strong interplay between resonant and nonreso-
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FIG. 4. The diagrams for the reactigil— np7: (a) the impulse
. . . . approximation(lA), (b) the 1A with NN final state interaction rep-
o Joo 200 300 700 resented by the NN matrix, and(c) the 1A and #N final state
q (MeV/c) interactions. Heré\ denotes theyN— #N transition operator.

FIG. 3. The real and imaginary parts of th@l scattering am-  teron rest frame, and' denotes the isoscalar or isovector
plitude f in the S, partial wave as function of the c.m. momentum 7-meson photoproduction amplitude at the squared invariant
g showing the contribution from th&l* (1535) resonance of the collision energysy given by
Juich meson-baryon mod¢B2]. The circles stand for the real part
of f, while the squares show the imaginary part. As a guide to the
eye, the solid lines indicate the effective range expansion given by
the full model, is shown in Fig. 1.

Sn=S—m3—2(E,+mg)En+2K, p;. (6)

The photon momentum is given lﬁ/y, and the invariant

nant contributions in the case of thdidh model, we isolate Mass bys=mi+2myE, . Details of the photoproduction
the resonant piece and compare its amplitude to the on@mplitudeA™ were described in Ref30].
given by the full model. The solid symbols in Fig. 3 indicate  The result for the total cross section for the reactjah
the real(dot9 and imaginary(squares part of theyN S;;  —np# based on the impulse approximation is shown by the
partial wave scattering amplitude calculated with thedotted line in Fig. 5 in comparison to experim¢@g]. The
N* (1535) resonance alone. The solid lines represent the tot&/0ss section is shown as a function of the photon beam
7N scattering amplitude given by the effective range expan€nergye, (lower axis and as a function of the excess energy
sion with the parameters of E€l), and correspond to the (Upper axig. Here the excess energy is defined as
solid lines in Fig. 2. This comparison clearly shows that the
nonresonant contribution is quite large at small momenta e=s— my—my,—m,,. (7)
<300 MeV/c, and thus the interplay between resonant and
nonresonant contributions is very important for the scatteringrhe particle masses adopted in our calculations are
length. my=1875.61339 MeV, m,=938.27231 MeV, m,
=939.56563 MeV, andn,=547.3 MeV. We explicitly in-
Ill. REACTION yd—npy dicate the masses with the available accuracy, since the ex-
cess energy depends on those values, and thus the accuracy
The lowest-order contributions for the reactiopd s important for the analysis of the data especially very close
—npy are depicted in Fig. 4. In our previous stu0] of  to the reaction threshold. A comparison with experiment
this reaction, we considered the productionzomesons via  shows that the impulse approximation reproduces the data
the dominantS;;(1539 resonancdimpulse approximation  well for excess energies=50 MeV; however, there is a
shown in Fig. 4a), and thenp FSI as indicated in Fig.(#).  clear underprediction of the data for energies closer to
Explicit details of the model for the direct production were threshold.
given in Ref[30], and will only be briefly summarized here. In the next order of the scattering expansion, the FSI in
Using the impulse approximatigitA) the amplitudeM;, of  the nucleon-nucleofNN) system and they-nucleon system
the reactionyd— np» for a given spinSand isospirT of the  need to be considered. The effect of the FSI inichan-
final nucleons can be written as nel is expected to be the stronger one, and was previously
studied[30], but for completeness we repeat the essential
Ma=AT(s))d(p2)— (—1)5 TAT(s,)p(py).  (5)  ingredients here. The amplitude describing Mg FSI can
be written as
Here ¢(p;) stands for the deuteron wave functiom, (i
=1,2) is the momentum of the proton or neutron in the deu- Myn=tunOnnAT (8

044007-4



7N FINAL STATE INTERACTION IN INCOHERENT . . .

¢ (MeV)
20 40 60 80 100
1

o (ub)

[
T

— IA+NN+7N

600

FIG. 5. The total cross section for inclusive photoproduction of

650 700 750

E, (MeV)

n mesons off deuterium as a function of the photon endfgy
(lower axig and the excess energy(upper axi$. The experimental e et ’
data are taken from Relf29]. The dotted line shows our IA calcu- 1N S€c. Il, leads to the solid line in Fig. 5. As expected, the
lation [30], while the dashed line is the result wittp final state
interaction. The solid line shows the full result, including thi
final state interaction from the'lich meson-baryon model.

Heretyy denotes the half-shatip scattering matrix andyy !
the two-nucleon propagator. Explicitly, the amplitude for the©f the 7N FSI any longer. The same is true for the FSI.
diagram shown by Fig.®) is given by

tan( K AT(s)) d(PR)

MNN:me dk i ' 9

q2—k2+ie

with g being the nucleon momentum in the firgb system

and

. . k—p
pL= +’Tp”. (10

Here p,, represents the;-meson momentum anpl,=|pyyl.
The half-shelhp scattering matrix in théS, and 3S; partial
wavestyn(g,k) is obtained at corresponding off-shell mo-
mentak from the charge-depende(ED) —Bonn potential
[35], which describes th&IN data base with &?/datum of
about 1. However, as already pointed out in R&0], all
modern, high-precisiohN interactions would give the same enhancement in the cross section for the reactiah
result, since due to the integration over the deuteron wave-npz close to threshold becomes visible by a deviation
function in Eq.(9) possible off-shell differences in thgN
potentials are strongly suppressed.

The amplitude with thegN FSI is graphically represented
in Fig. 4(c), and given as

M?yN:tnNg nNAT’ (11)

PHYSICAL REVIEW C 65 044007

wheret,, is the half-shellyN scattering matrix. TheyN
propagator is indicated by, . Explicitly, the amplitude is
written as

7N . (12)

_ mNm7] jdkkztnN(qak)AT(SKl)d)(pKl
mN+m7] qz_k2+i6

The »-meson momenta in the final and intermediate state of
the 7N system are given by andk, ¢ stands for the deu-
terons wave,t,n(q,K) is the half-shellyN scattering matrix

in the S, partial wave, and

-, - My(k,—pn)
pn=k+ My, (13
where 5,\, is the momentum of the outgoing proton or neu-
tron in the deuteron rest frame.

The total cross sectioryd—np# including thenp and
7N FSI in s waves is displayed in Fig. 5. The dashed line
shows the result for the impulse approximation physFSI.
As pointed out in Ref[30], the consideration of thep FSI
alone already provides an almost perfect description of the
experimental cross section. The additional consideration of
the N FSI, as given by the meson-baryon model described

attractive yN FSI enhances the cross section very close to
the reaction threshold. However, for excess energies in the
range of 18=e=40 MeV the presently available experimen-

tal values are slightly overpredicted. We also observe that for
excess energies larger than 40 MeV there is hardly any effect

It is illuminating to look at the difference in the relative
strengths of the two different final state interactions and their
possible interference in our full calculation of thephoto-
production cross section. For a more detailed insight, in Fig.
6 we plot the ratio of calculations with the final state inter-
actions included separately to the calculation based on the
impulse approximation alone. The dotted line in Fig. 6 rep-
resents the calculation including only theN FSI, and the
dashed line only th&IN FSI. From this, it is clear that the
NN FSI is the dominant one. The ratio of the full calculation
containing both, theyN andNN FSlI, to the impulse approxi-
mation is given by the solid line. A comparison to the two
other curves shows that the two final state interactions inter-
fere constructively at small excess energies, which magnifies
the effect of the relatively weayN FSI.

In order to study the effects of thgN interaction close to
the reaction threshold in more detail, we divide the experi-
mental points by our calculation containing the 1A and the
np FSI, i.e., the result of the dashed line in Fig. 5. Now the

from one for excess energies<40 MeV; cf. Fig. 7. This
enhancement, which is present in the data, is seen in the full
calculation containing theyN FSI as well. The solid line in
Fig. 5 corresponds to the lower bound of the shaded band in
Fig. 7. The N interaction discussed in Sec. Il leads to a
scattering lengtha,=0.42+i0.34 fm[cf. Eq. (1)]. Since
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FIG. 6. The cross-section ratios for inclusive photon production . F'G: 7. The cross-section ratios for inclusive photon production
of »-mesons off the deuteron as a function of the excess erergy

of » mesons off the deuteron as a function of the excess erergy sh e th . | ion divided b lculati
Shown are our calculations including the indicated final state inter- own Is the experimental cross section divided by our calculation

- e : . . 30] containing IA andchp FSI (dashed line of Fig. )6 The solid line
actions divided by the impulse approximatiddotted ling. The [ ; . . L
solid line indicates the full calculation containing and »N FSI’s. |nd|cate_s the full F:glculatlons containing thyd FSI divided by the
The dashed line stands for a calculation including onlyrtpeS, calculation containing IA andp FSI. The dotted and dashed lines

whereas the calculation for the dotted line includes only #ie show the calcula_ttions withyN scgttering Iengthsa,]N=O.7£_1 )
ESI. +i0.27 and 0.25i0.16 fm, respectively. The hatched area indi-

cate the uncertainty of the calculations with thd FSI taken from

this model leads to a slight overprediction of thg p  the Jilich meson-baryon model, as discussed in the text.
— 7N Cross section, we have produced a variant model that
also fits the datdcf. the discussion in Sec.)llIn the latter The next logical step is to see whether even more quanti-
model thezN interaction is somewhat more attractive, lead-tative information about the strength of th& interaction at
ing to a scattering length cd,y=0.54+i0.18. The corre- low energies can be extracted. Since we found thatitNe
sponding total cross section for the reactipd—np# is  amplitude obtained with the effective range expansion of Eq.
given in Fig. 7 by the upper bound of the shaded area. Con2) is numerically identical to the full calculation of the am-
sequently, the shaded area in Fig. 7 can be seen as a reflgitude[Eq. (12)], we can explore the effect of different val-
tion of the theoretical uncertainty in theN interaction aris-  ues for theyN low energy parameters on the cross section of
ing within the Jlich meson-baryon model. the reactionyd— npz close to threshold. Our studies could

Indeed, it is interesting to explore more thoroughly howestablish that calculations of thg-photoproduction cross
strongly our calculation of the/N FSI depends on the spe- section are not sensitive to the effective range paramejer
cific properties of thesN interaction. In order to study of Eq.(2), leaving the only sensitivity to the scattering length
whether there is a sensitivity to the off-shell behavior, weanN_ In Fig. 7 we also display two calculations with scatter-
carried out calculations where thgN amplitude is replaced ing lengthsa,y=0.25+i0.16 fm[2] (dashed linganda,
by its effective range expansion of E@), i.e., basically by ~0.74+10.27 fm [7] (dash-dotted line The figure sugg@sts
the on-shellyN t matrix. (Note that the quality of the effec- 5t the presently available data for the total cross section for
tive range expansion as compared to the #ill t matrixis  ¢<40 MeV show a preference for smaller values of #¢
shown in Fig. 2. Surprisingly, we obtained identical results scattering lengths listed in Table I. Obviously more precise
for the » photoproduction cross section when using eithergata are highly desirable to confirm these indications. Since
the »N t matrix from the effective range expansion or the the calculations with different values far,y involve differ-
one from the full model. This can be explained through thegnces in the real as well as imaginary parts of the scattering
relatively good representation of thgN scattering amplitude  |ength, we investigated which of the two is mainly respon-
by the effective range expansion for quite a large momentungjp|e for the effects shown in Fig. 7, and found that the major
range, as illustrated in Fig. 2, as well as a very wkale-  contribution to the size of theN FSI in this reaction stems

pendence of the half-sheyN t matrix, t,n(q,k). As an  from the interference of the real partafy, with the NN FSI.
aside, we want to emphasize that an argument along the

same lines with respect to timp FSI and its effective range V. SUMMARY

expansion is not valid, since the energy dependence as well

as the dependence on the off-shell momentum ofNhet We calculated the reactiopd— npz, including the domi-
matrix is much stronger. nant contribution by th&,,(1535) resonance in the elemen-
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tary process and the final state interactions between all outvith different values for the scattering length, and concluded
going particles. Those final state interactions influence théhat the presently available cross section measurement for the
cross section for inclusive photoproductionspmesons only  reactionyd— np» favor moderate values of the real part of
for excess energies of the meson smaller than 40 MeV. At the scattering length, .
higher energies the cross section is solely given by the im-
pulse approximation. ACKNOWLEDGMENTS
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