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Incoherent photoproduction of 7 mesons from the deuteron near threshold
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Incoherent photoproduction of thgmeson on the deuteron is studied for photon energies from threshold to
800 MeV. The dominant contribution, thgN- »N amplitude, is described within an isobar model. The final
state interaction derived from the CD-Bonn potential is included and found to be important for the description
of the production cross section close to threshold. Possible effects fromNh&nal state interaction are
discussed.
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I. INTRODUCTION tion the FSI investigation of meson production mp
collisions in Ref.[19] that clearly illustrates that different
Recent measurements by the TAPS collabordtior8] at NN potentials may result in fairly large quantitative differ-
the MAMI accelerator of thep-meson photoproduction on ences in the enhancement of the production cross section
deuterium and helium indicate an enhancement of the totdilose to threshold. Therefore, the explanation of the TAPS
inclusive cross section at photon energies close to the rea€lata is still open and needs further investigations.
tion threshold. The data were specifically collected with high Here we evaluate the reactioyd—np» within the im-
statistical accuracy in order to clarify the first observafish ~ PulSe approximation. In addition we account for the FSI be-
of the rather large total cross section in that energy regime. /€€n the neutron and proton by employing the most recent
was suggestefP] that such a threshold enhancement couldcD-Bonn potentia[20] as well as some other realisti¢N

result either from the formation of the quasibounghucleus interaction mo_dels. In Sec. Il we _speC|fy the element_ary
state or from the interaction between the final nucleons. YN— 7N amplitude that serves as input for our calculation

Indeed, a strong influence of the final state interactior®l € reactionyd—npz. Specifically, we assume that the

. , elementary» production proceeds via the excitation of the
(FSI) on the cross sections af, 1, 7', and o-meson pro- *
L . . N* S;1(1535) resonance. The free parameters of our model
duction in nucleon-nucleorN[N) collisions was observed in

. are fixed by a fit to available data for the reactipp— »p
ex"?‘??'ments at th(_a IUCF, COSY and CELSIUS accelerato[21]_ In Sec. lll we provide some details about the evaluation
facilities [4—11]. With the exception of the; channel, those

) . - R of the reaction amplitude foyd—np» and present results
experiments producing mesonsWN collisions can be de- ¢4y the impulse approximation as well as for the inclusion of
scribed almost perfectly by theoretical calculations accountihe Es| in thenp system. Possible effects from thN FSI
ing only for the final state interactions between the nucleonge discussed in Sec. IV. In addition we provide predictions
[10,11]. In case ofx production there is evidence that the for the angular spectrum and for the momentum spectrum of
7N FSI could play a role as welb,6]. Therefore, one might  the produced; meson for selected incident photon energies
expect that the TAPS data can be understood in terms of th@ the vicinity of the »-production threshold. In Sec. V we
strong neutron-protonn(p) FSI and possibly amN FSI. briefly summarize our results.

However, recent calculatiord2] that include thenp as
well as the #N final state interactions underestimate the
cross section for the reactiopd—np# at photon energies Il. THE ELEMENTARY yN— %N AMPLITUDE

close to the threshold. Within a different approach, three The dominant tribution t hot ducti

body calculationg13] of the reactionyd—np# performed € orrlnan_ contri tl)J |?rr]1N*07_—m§son p_tOtQPVCZJZUZC lon

by the same authors reproduce the main features of the e Om a nucieon Is given by isobar excitatiorj22,23.
e neither consider the nucleaichannel pole term nor

perimental data, but again do not explain the rather larg  channel vector meson exchanges. since their contributions
total cross section near the reaction threshold. On the other v X ges, si ! toutl

hand, an older calculation of the reactigd—np#n per- we_rrehfound to b? nheglllglbIEI‘ZZ,Z:ﬂ.”' . £ th
formed by Uedd14], which considers the formation of a . ?\Isqllilar? od tf_e |(rj1var|ant collision energy of the reac-
quasiboundzd state, leads to a much too strong enhancel®" YN—N7 Is defined as
ment of the production cross section close to threshold, and

is ruled out by the TAPS data. Furthermore, it is possible that s=mZ+ 2m\E,, (1)

the effect of the FSI in th&IN system might depend sub-

stantially on the employed interaction model. For example,

variations in the predicted total cross sections of up to 50%wheremy andE,, are the nucleon mass and the photon en-
or even more were found for the reactipp—ppn° [15—  ergy, respectively. The photon momentirand then-meson
17] and similar uncertainties seem to be present in the reaacnomentum q in the center of masgc.m) system are
tion pp—pp# as well[18]. In this context let us also men- given by
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S— mﬁ Al/Z(S,mﬁ ,mgy ) tion of mespns{22] _and evgluate the resonance paramete(s
k= ——, = (2)  from the available differential cross section data and recoil
2\s 2+s nucleon polarization datf23]. Contributions fromS-wave

resonances provide an isotropic angular spectiuitd cosé

of » mesons, withp denoting thep-meson emission angle in
the c.m. system. Although contributions from higher partial
waves to the total photoproduction cross sectiory ofiesons
can be very small, they can be evaluated from the differential

The resonant contribution is given by helicity amplitudes inCross sectioma/d cos¢ with the help of interference terms

wherem, stands for the mass of thg meson. The Kéen
function is defined as

Nxy,2)=(x—y—2)*~4dyz )

the relevant partial wave@4,25, namely, involving the S wave. For example, an interference with
P-wave resonances contributes proportionally to &;aghile
A.=*FAl,, an interference witD-wave resonances results in a @bs

dependence. However, most recent d&tH for differential

4 N cross sections of the reactiogp— p#» at photon energies
Bi===F{i7gy| Ase (4 from 716 to 788 MeV indicate that, within the experimental
errors, the angular spectrum is dominated almost entirely by
C.==+FC\ the Swave distribution. Estimated contributions frde and

D-wave resonances can be given only at very low confidence
where the factoF accounts for the resonance decay into thelevel [29]. Furthermore, data on the nucleon recoil polariza-
N7 channell denotes the orbital angular momentum. Takingtion, which in principle must be sensitive to the resonant
into account the phase space factor and the relativistic Breicontribution[23], have large uncertainties and are thus not

Wigner propagator as introduced in REZ6] one obtains significant.
Since there is no strong experimental evidef2@| for
r, k my 12 \/g contributions to then-meson photoproduction from reso-

— - 5 nances other than th&;;(1535) resonance in the near-
M2—s—iy/sI . . o) T _ :
R threshold region, we will consider in the following only this
resonance. The partial decay widtt%;,;(1535)—~N» and
S11(1535)—Nr, are related to the relevant coupling con-

stantggne, €= 7,7, by

7(2j+1) q s

Here Mg, is the resonance mass, afidandI’,, are the total
andR— N # partial resonance widths, respectively, while
the spin of the resonance.

The standard relation between the Breit-Wigner helicity
amplitudes and electric, magnetic, and longitudinal multi- I,
poles are given in Ref$22,23.

Following the analysis of pion photoproduction, we ac-
count for the energy dependence of the hadronic witRiA$
in order to satisfy the threshold dependep2g,2g of the
multipole amplitudes of the outgoing meson momen
The energy dependence of the partial width for each fina}w1
meson¢ is given as

:gE{Nf g¢(En+my) ®
47T M R '

Here the momentuny, and the nucleon energiy are
evaluated in the rest frame of the resonance at the pole po-
sition of S;4(1535).

Considering only the contribution of thg;;(1535) reso-
nce, the data fop-meson photoproduction of protons can
be well fitted with the following resonance parameters at the

S$11(1535) pole:
o ram )pg(\/g) © 11( ) P
=Tl RpeMg)’ Mg=1544 MeV, I'=203 MeV,
whereI',(Mg) is theR—N¢ partial resonance width at the r,/r=0.4s, r./r=045, Ir,./'=0.1 9

resonance pole, whilg, is given by[27] ) o . .
For the electromagnetic helicity amplitudes in E4). we use
q AY2(s,m2 m?) the valuesA},=0.124 GeV Y2 andA],=—-0.1 GeV 2
Y _ NG L . .
pel \/5)— \/_B| (a:R), Q§——\/— . (7) The result of this fit for the total cross section for the reaction
S 2\s yp—p7 is displayed in Fig. 1.

HereB, is the Blatt-Weisskopf function for the orbital angu-
lar momentuml. The interaction radius was taken &s

=1 fm, andm; stands for the mass of the meson. The func-  yUsing the impulse approximatioftA), the amplitudem
tion p/(Mg) in Eq. (7) is evaluated at the resonance pole of the reactionyd— npz for given spinS and isospinT of
Js= Mg. In addition, the total energy-dependent resonancehe final nucleons can be written as
width is given by the sum over the partial widths of all
available final states. Mia=AT(s1)$(p2) — (=13 TAT() $(Py),  (10)

In principle, one may consider the contributions from the
resonancesP,(1440), D,5(1520), S;4(1535), S;1(1650), where ¢(p;) stands for the deuteron wave function gmd
D,5(1675), and higher mass resonances to the photoprodu¢i=1,2) is the momentum of the proton or neutron in the

lll. THE REACTION yD—znp
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2270 N production inNN collisions that close to threshold FSI ef-
3 | Yp—en fects lead to a significant modification of the cross section.
o In meson production ilNN collisions FSI effects result

predominantly from stron@wave interactions in the outgo-
* ing NN system. Therefore, we will take into account this
(4 contribution for the reactionyd—np#. The corresponding
amplitude is given by

T(q,k)AT(sy) (pi)
MFS,:meolkk2 qz—kz-l:ie . (12)

Hereq is the nucleon momentum in the finap system and
T(q,k) is the half-shelinp scattering matrix in thé'S, and
33, partial waves. In the calculations presented here, the

ol half-shellt matrix is obtained at corresponding on-shell mo-
700 720 740 760 780 800 mentaq from the latest CD-Bonn potenti§20], which de-
E, (Mev) scribes theNN data base with a?/datum of about one. In

order to find out if a high precision description of thiEN
data, in our specific case teN Swaves, is crucial, we
carried out the calculations with an older one-boson-

) , exchange modé¢B0], also describing th&waves reasonably
deuteron rest frame. The quantiy denotes the isoscalar or yell. We found the difference of those two calculations being
isovector photoproduction amplitude at the squared mvarlar}t,eg”gime_ In addition, we employed some other realish

FIG. 1. Totalyp— p# cross section. Experimental data are from
Ref. [1], while the solid line gives our result.

energysy given by models from the literature but also those models did not
produce any noticable differences in the cross-section predic-
sy=5—m3—2( E,+my)Ey+ 2|Zy. PN - (11)  tion. Thus, we conclude that in contrastsgroduction with

hadronic probe$18], the reactionyd— pn#» near threshold

. _ . . is not very sensitive to the details of tié¢N interaction.
Our calculation within the framework of the A is Shown In |nqeeq this is not too surprising. The amplitude for the latter
Fig. 2 and corresponds to the dashed line. It describes the,,ion contains also the deuteron wave function in the loop
data[1] at photon energies above 680 MeV reasonably jnteqral involving the FSI, see EG12). This wave function
well. CIo;e to the reaction threshold, however, th(’." 1A resu',‘ﬂrops rather rapidly with increasing momentum for all real-
substantially underestimates the data. We take this as an ifisic NN models, and therefore strongly suppresses contribu-
dication that effects from theNN and/or 7N) final state  {jons from higher off-shell momenta in the integral of Eq.
interaction play an important role here. Indeed, as alreadylz), i.e., those momenta where the half-off-sHElnatrices
mentioned in the Introduction, it is well known from meson ¢ 114 differentNN models show larger variations.

The total cross sectiomd— np7 including thenp FSI in

E Swaves is displayed in Fig. 2 as solid line. Now the model

= yd —>7np calculation describes the ddth reasonably well and lies, in

e | 49000 fact, within the experimental uncertainties. As expected, the
10k "4'..." FSI interaction gives rise to a significant increase of the pro-

duction cross section close to threshold as is required for
getting agreement with the data.

IV. DISCUSSION

In »-production experiments ipp as well as innp col-
lisions one has observed that there is an even stronger en-
hancement of the production cross section close to threshold,
which cannot be explained by FSI effects from &l in-
teraction alond5,6,10. This additional enhancement is, in
general, seen as an indication of FSI effects due tosiNe
interaction[31,32. Thus, it may be suggested that similar
effects are seen in the reactigd—np#. In order to expose
a possible influence from theN FSI we again show the

FIG. 2. The cross section for inclusive photoproductionsof ~€xperimental data in Fig. 3, but now divide them by our
mesons of deuterium. Experimental data are taken from [R&f. model calculation, which includes the enhancement from the
The dashed line shows the IA calculation, while the solid line is theFSI between the nucleons. Any effects from th&l FSI
result withnp final state interaction. present in the data would then reveal themselves as addi-

L ) I
600 650 700 750

E, (Mev)
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FIG. 3. The cross section for inclusive photon productionyof FIG. 4. The angular spectra of the meson in the photon-

mesons of the deuteron as a function of the excess ereigfjown  deuteron rest frame at different photon energies. Experimental data

is the experimental cross section divided by the full calculationare taken from Refl1]. The dashed line shows the IA calculation,

given in Fig. 2. while the solid line is the result withp FSI. The theoretical results
represent an average over the given finite energy interval.

tional enhancement. Indeed, as can be seen in Fig. 3, there is

a deviation from our calculation for energies very close tomental results at 665—705 MeV.

threshold, which may be interpreted as being caused by an njomentum spectra of the mesons in they-d rest frame

7N FSI, though the errorbars are large. In this regard it isyt different photon energies are displayed in Fig. 5. At the

interesting to notice that the magnitude and also the energy,er photon energy, 627-665 MeV, the IA calculation dif-

range of this deviation are comparable to the effects seen ifyrs considerably from the full calculation including FSI. The

7 production via hadronic probes. Let us recall here that inatter leads to a significant enhancement of the yield for

the reactionpp—ppz as well as inpn—d7 the observed  |arger , momenta. This is not surprising because in this case

additional enhancement very close to threshold is a factor ohe 5 meson carries away much of the available kinetic en-

2 to 3(see Refs[6] and[5]), and the enhancement is limited grgy and theNN system emerges with a small relative mo-

to excess energies belowm, roughly, 15 MeV for the formefyentum, and the interaction is particularly strong. This en-
and, roughly, 10 MeV for the latter reaction.

A theoretical understanding of this additional enhance-
ment would require a consistent inclusion of the FSI in the [ £,=665—705 MeV
NN and also in theyN systems, e.g., in the framework of 20F
Faddeev equations, which, however, is beyond the scope of [
the present investigation. However, we want to mention that
calculations in this direction can be already found in the
literature, for hadron{32—-34 as well as for photoinduced
[13,35 7 production processes. These studies indicate that
the enhancement in the total production cross section for
energies close to threshold can be indeed understood in terms
of a #N FSI, at least qualitatively. A quantitative description
of the data, however, has so far not been achieved. Besides
our insufficient knowledge of theyN interaction there are : e T
also some technical aspects with regard to the application of
the Faddeev theory to theNN system that are still under g .
debate. Furthermore, it goes without saying that it would
be very important to have data with higher statistics avail- 5 = : %o : \féo
able at those energies very close to threshold in order to b (MeV/c)
chart the possible enhancement due to #% FSI more
accurately[3]. FIG. 5. Then-meson momentum spectra in the photon-deuteron

Angular spectra ofy mesons in the photon-deuteron rest frame at different ranges of the photon energies. The dashed
rest frame are shown for different photon energies in Fig. 4jine shows the IA calculation, while the solid line represents the
The IA calculation underestimates the data &,  result withnp FSI. The theoretical results represent an average over
=627-665 MeV, but already reasonably reproduces experihe given finite energy interval.

o e T T 200
EE.,=527—665 MeV

do/dp (nb MeV~'¢)
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(8]

hancement at largg momentum is clearly seen in the new
still preliminary data of the TAPS collaboratidB]. As the
photon energy increases, the difference between the IA and
the calculation including th&IN FSI becomes smaller. At a
photon energy of 665-705 MeV, the effect of the FSI
has basically vanished, is consistent with the observations
in Fig. 2.

We would like to emphasize that the theoretical results
displayed in Figs. 4 and 5 represent an average over a finite
energy interval. This is done in order to make the predictions
comparable to the experiments where likewise an averaging
over energy bins is madd,3]. Specifically for the momen- 5F
tum distribution of they meson this averaging has a signifi-
cant influence on the results. The maximalmomentum
available at a given fixed photon energy for the reaction
yd—npy is defined by

E,=660 MeV

do/dp (nb MeV™'¢c)
o
1

pmaxz)\1’2(3,[mpnL mn]Z,mf]) . 0 50 100 150
! 2\s ' p (Mev/c)

FIG. 6. The »-meson momentum spectrum in the photon-

wheres is defined in Eq.(1). Averaging over the photon deuteron rest frame at the sharp photon energi of 660 MeV

: ax e . .
energy leads to a smearing pﬁ ) Smcemt?ﬁNN FSl I.S The dashed line is the result withoNtN FSI whereas the solid line
most strongly felt fory momenta close t@,*" its effectis ;. qes it.

also smeared out by averaging o¥eyas is the case with the

results shown in Fig. 5. Predictions for a sharp incident phothe same for different realistisiN interaction models con-

ton energy show a much stronger structure due to FSI as i§gered. Though thalN FSI accounts for a large part of the
exemplified in Fig. 6. Clearly, this suggests that a high engpserved enhancement, our analysis suggests that there is
ergy resolution in the experiments is very desirable if oneggj|| 4 remaining discrepancy with regard to the data for very

wants to see and study effects from the FSI. small excess energies. This discrepancy is of similar size as
found in the production inNN collisions and may be taken
V. SUMMARY as signature of theN final state interaction very close to
threshold.

We calculated the reactiopd— np including the domi-
nantS;;(1535) resonance and the neutron-proton final state
interaction. We find that thellmpul-se apprommaﬂon repro- ACKNOWLEDGMENTS
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