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Abstract: Polarization observables in incoherent pion photopradadrom the deuteron are investigated in the energy regiom f
r-threshold up to thé (1232)-resonance with inclusion of alading TNN effects. Formal expressions for polarization observables
are derived and described by various beam, target and teget-ssymmetries for polarized photons and/or polarizededons. For
the elementary pion photoproduction operator on the frexeon, a realistic effective Lagrangian approach is useithwimcludes
seven nucleon resonances, in addition to Born and vectepomexchange terms. The interactions in the final two-bobgysiems are
taken from separable representations of realistic patsntResults are given for the unpolarized cross sectibesjaubly polarized
cross sections for parallel and antiparallel helicityesathe linear photon asymmetry, the double polarizaieasymmetry and, the
vector and tensor deuteron asymmetries forytle~ m pp, yd — 7tnn, andyd — mnp channels. The contributions to the spin
asymmetry and the Gerasimov-Drell-Hearn (GDH) integrafrfiseparate channels are evaluated by explicit integrafidn a photon
lab-energy of 350 MeV. Effects of final-state interactioa mwvestigated and their role in these observables are faubd significant,
specially forr® production. The extracted results are compared with aailexperimental data and predictions of other works, and a
satisfactory agreement is obtained. The sensitivity ofythe> NN results to the elementapN — 1N operator is also investigated
and a considerable dependence is found. This indicated ttet serve as a filter for different elementary operatore.@pect that
the results presented here may be useful to interpret tlmtreceasurements from the high-intensity and high dutiefaglectron
accelerators MAMI, ELSA, Jefferson Lab, LEGS, and MAX-Lab.

Keywords: Meson production, Photoproduction reactions, Few-Bodste&ys, Polarized beams, Polarized targets, Spin obsesvabl
Sum rules, Final-state interactions

1 Introduction electromagnetic and hadronic reactions to those from free
nucleons in order to estimate interaction effects.

The study of pseudoscalar meson production in Meson phgto- and electroprodu_ction on I?g_h.t.nucle_i is
electromagnetic reactions on light nuclei has become @rimarily motivated by the following possibilities: (i)
very active field of research in medium-energy nuclearstudy of the elementary neutron amplitude in the absence
physics with respect to the study of hadron structure. Foof @ free neutron target, (i) investigation of medium
the following reasons the deuteron plays an outstandingffects, i.e., possible changes of the production operator
role besides the free nucleon. The first one is that thdn the presence of other nucleons, (iii) it provides an
deuteron is the simplest nucleus on whose structure wéhteresting means to study nuclear structure, and (iv) it
have abundant information and a reliable theoretical9ives information on pion production on off-shell
understanding, i.e., the structure of the deuteron is venpucleon, as well as on the very importaiii-interaction
well understood in comparison to heavier nuclei. In @ nuclear medium.

Furthermore, the small binding energy of nucleons inthe  The major reason for studying polarization
deuteron, which from the kinematical point of view phenomena lies in the fact that only the use of
provides the case of a nearly free neutron target, allowgolarization degrees of freedom allows one to obtain
one to compare the contributions of its constituents to thecomplete information on all possible reaction matrix
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elements. Without polarization, the cross section is givenGerasimov-Drell-Hearn (GDH) sum rule were given. In
by the incoherent sum of squares of the reaction matrixRefs. [L6,17,18], we have investigated various single-
elements only. Thus, small amplitudes are masked by theand double-polarization asymmetries in incoherent pion
dominant ones. On the other hand, small amplitudes verphotoproduction from the deuteron without any kind of
often contain interesting information on subtle dynamical FSI effects. We found that interference of Born terms and
effects. This is the place where polarization observableshe A(1232)-contribution plays a significant role in the
enter, because such observables in general contaicalculations. The vector target asymmeiRy has been
interference terms of the various matrix elements infound to be very sensitive to this interference.
different ways. Thus, a small amplitude may be Furthermore, our results for the linear photon asymmetry
considerably amplified by the interference with a [18 have been compared with the preliminary
dominant matrix element. experimental data from the LEGS Spin Collaboratib4 [
The earliest calculations for pion photoproduction and major discrepancies were evident. Since a strong
from the deuteron were performed using the impulseinfluence of the FSI on the unpolarized cross sections was
approximation (I1A) [,2]. Approximate treatments of found in [8,9], one might expect that the LEGS data can
final-state interaction (FSI) effects within a diagrammati be understood in terms of the FSI and possibly two-body
approach have been reported in Refs34[5]. effects.
Photoproduction of pions from the deuteron has been Therefore, we have investigated the influence of
investigated with the spectator nucleon moddé] [ NN-FSI on the helicity structure (Refl9]) and the linear
ignoring all kinds of FSI and two-body processes. Thephoton asymmetry (Ref.20]) of the yd — m pp
NN-FSI is considered in Ref7] and a good agreement reaction. The differential polarized cross-section
with experiment was obtained. The influenceNdfl- and  difference for the parallel and antiparallel helicity stat
niN-rescattering on the unpolarized cross sections ishas been predicted and compared with recent
investigated in Refs. 89], whereas the role of the experimental data from MAMI (Mainz/PavialZ]. It has
NA-FSI in pion photoproduction from the deuteron is been shown that the effect &fN-rescattering is much
investigated in 1Q. It has been shown that full less important in the polarized differential cross-sectio
calculations with the off-shell amplitudes ®IN- and  difference than in the unpolarized one. It has been also
NA-FSI are necessary to obtain a quantitative descriptiorfound in [20], thatNN-FSI is quite important and leads to
of the cross sections. a better agreement with existing experimental data. In
Most of calculations have treated only unpolarized addition, we have investigated in Re2]] the role of the
observables, like the differential and total cross sestion NN-rescattering effect on several single- and
These cross sections provide information only regardingdouble-polarization observables of photon and deuteron
the sum of the absolute squares of the amplitudestarget in m -photoproduction from the deuteron with
whereas the polarization observables allow extraction ofpolarized photon beam and/or oriented deuteron target.
more information. Observables with a polarized photonThe understanding of this mechanism is of great
beam and/or polarized deuteron target have not beeimportance to understand the bakibl interaction. Based
throughly investigated. Recent years have witnessed aon the effective Lagrangian modeb][ the helicity
increasing interest in theoretical research on mesormependence of theg/N — 7N reaction channels is
electromagnetic  production including polarization investigated in Ref. 42 and compared with recent
observables. This interest is partly due to the newexperimental data from the GDH Collaboration, and a
generation of high-intensity and high duty-cycle electrongood agreement was obtained. The work B} vas
accelerators, such as MAMI at Mainz and ELSA at Bonnimproved by Arenhovett al. [23,24] and by Levchuket
(Germany), JLab at Newport News (USA), and al. [25], where a better elementary production operators
MAX-Lab at Lund (Sweden) as well as laser provided by MAID [26] and SAID [27], respectively,
backscattering facilities such as GRAAL at Grenoble were employed and FSI effects were considered. Explicit
(France) and LEGS at Brookhaven (USA) - for an evaluation of the deuteron spin asymmetry and the
experimental overview see Refd1[12 13,14]. With the  associated GDH sum rule were presented in said work.
development of these new facilities, it is now possible to  The A2 and GDH Collaborations at MAMI have
obtain accurate data for meson electromagnetiaundertaken a joint effort to verify experimentally the
production, including single and double spin-dependeniGDH sum rule 28], measuring the difference between the
observables. helicity components in both the totatf — 0] and the
Polarization observables far—-photoproduction on differential [d(c” — 0*)/dQ] photoabsorption cross
the deuteron via the reactiod(y, 7" )pp have been sections, wherec™ stands for the parallel and
studied within a diagrammatic approadh]. In [8,9], the  antiparallel spin orientations of the photon and target
energy dependence of the three charge states of the piateuteron. In these experiments, circularly polarized
for incoherent pion photoproduction on the deuteron inphotons are scattered on longitudinally polarized
the A(1232)-resonance region has been investigateddeuterons to determine the double polarization
Results for differential and total cross sections and theasymmetry in a large kinematical rangé&2]. These
beam-target spin asymmetry which determines thehelicity dependent cross sections provide valuable
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information on the nucleon spin structure and allow toinclude in our treatment of pion photoproduction from the
extract information on the neutron. The knowledge of deuteron. In sectioB, a brief review of the framework for
these cross sections is also required to test the validity ofhe reactiond(y, m)NN in which the transition matrix
the GDH sum rule on the deuteron and the neutron aglements are calculatel][is presented. The main results
well as to explore which are the dominant contributions tofor the yd — m pp, yd — mtnn, and yd — m°np
the GDH integral. These new measurements will makereactions together with a comparison to experimental data
possible to test experimentally the behavior of the GDHand other theoretical predictions are presented in section
integral. 4. In addition, the sensitivity of our results to the
However, in order to explore the contributions of the elementary pion photoproduction operator is discussed
resonances, the total photoabsorption cross section dodeere. Finally, we close with some conclusions and an
not provide enough information. Fixing degrees of outlook in sectiorb. Throughout this work we use natural
freedom by selection of particular partial reaction unitsh=c=1.
channels allows to obtain more detailed information. This
is possible with double polarization observables of the
differential cross section. The present focus of the LEGSD Elementary electromagnetic and hadronic
Collaboration is the measurement of double polarizationre(,j‘ctiOnS
spin observables in photoreactions on the proton, the
neutron, and the deuteron. For instance, the beam-targ
double polarizationE-asymmetry of theyd — mnp
reaction at photon lab-enerdy, = 349+ 5 MeV, has
been recently measuredlq. This asymmetry will
certainly provide an important test, which, indirectly,
allows to check our knowledge on the process of pion
production from the neutron. To the best of our
knowledge, there is no calculation in the literature for the
double polarizationE-asymmetry of theyd — mNN

reaction channels. The elementary reactions are classified as two-body

Theoretlcal pregi|ct!ons for the unpolarized cross reactions. The general form of these reactions is given by
sections and polarization observables of the processes

yd — 1 pp, yd — m"nn, andyd — m°np, in the energy a b c d 1
range from r-threshold up to theA(1232)-resonance, (Pa) +b(Po) = C(Pe) +d(Pa). 1)
were performed in Refs1pP,20,21] and extended in Refs. where p; = (E;, p;)) denotes the four-momentum of

[29,30] using as elementaryN — 7N reaction a realistic  particle i” with i € {a,b,c,d}. Particlesa andb stand for
effective Lagrangian approach (ELA) fron8Y. This a photon and a nucleon in the case of pion
elementary reaction model provides a reliable descriptiorphotoproduction from free nucleons, a pair of baryons in
of the rrthreshold region. Numerical results for the case oNN scattering, or a meson and a baryon in the
unpolarized cross sections and various polarizationcase ofriN scattering. Corresponding assignments stand
observables have been presente&2B, 30 where in  fgorthe final particles andd.

addition to the pure 1A antN-FSI, theriN-rescattering Following the conventions of Bjorken and Dre83]

is also included. Extension of our previous worlt§,[L8,  the general form for the differential cross section of a

19,20,21,22] to the r-threshold region was given in order  two-particle reaction in the center of mass (c.m.) system
to understand the dynamics of the pion photoproductions given by

amplitude neart-threshold. It was found in20,30] that

N this section, we will briefly describe the necessary
ingredients for the various elementary reactions which
govern the process of incoherent pion photoproduction
from the deuteron. These are the pion photoproduction
from free nucleong/N — 7N, which plays the central
part in the reaction, and hadronic two-body scattering
reactions, namely nucleon-nucleoNN — NN) and
pion-nucleon N — 1N) scattering, which constitute the
rescattering effects in the final state.

the results for unpolarized cross sections and spin do 1  EsEpEcEq pc 1

asymmetries are strongly dependent on the elementary dQ.  41PW2 FaFFeFy pa s

yN — 7N operator. “ 5
The calculations presented in this review are of high X Z ]///“;“C“b“a(pd,pc,pb,pa)

interest in view of the extensive recent polarization Mg HeFipHa

measurements from A2 and GDH@MAMI1Y and _ fi _ . .
LEGS@BNL [14 Collaborations. A theoretical With .#;p,u, the reaction matrixy; denotes the spin
understanding of these data on the deuteron target wilprojection of particle i”, andF is a factor arising from the
provide information about the pion photoproduction from covariant normalization of the states and its form depends
the neutron reaction, which is not well known yet, but is on whether the particle is a bosdf & 2E;) or a fermion
required for a complete understanding/excitations in -~ (K = Ej/my), whereE; andm are its energy and mass,
the pion photoproduction process. respectively. The factos = (25, + 1)(2s, + 1) takes into
This review is structured as follows: in the next accountthe averaging over the initial spin states, whgre
section we briefly outline the electromagnetic andands, denote the spins of the incoming partickeandb,
hadronic two-body elementary reactions which we respectively. If particlea is a real photon, thegy = 1/2
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because the real photon is a boson with two polarization

states. All momenta are functions of the invariant mass of | S oy o M““% -
. P Y ST e Y Lo
the two-body syster, i.e. p; = pi(W). Tl = % M

For the scattering processes, it is more convenient to—« N N NN N NN N TN
use non-covariant normalization of the states and to switch ® ®) ©
to a coupled spin representation replacing .tematrix S %\%W. T n -
JE y L Y - y / y o
by the 7 -matrix via % ‘ T : {
fi N N N s N N N A N N N A N
| 3 ol =l =
M gucpopa (Pd> Pe, Po, Pa) = (271)°V/ FaFpFcFy © ©® ® ©
S S fi 2 . . . .
X Z CZ?duéciﬁbusﬂguéwS(pd,pc,pb,pa), 2) Fig. 1: Feynman diagrams for pion photoproduction from free
Sg Sus nucleons. Born terms: (A) direct nucleon pole schannel,

(B) crossed nucleon pole archannel, (C) pion in flight or
with CSchS’ the appropriate Clebsch-Gordan coefficient. t-channel, and (D) Kroll-Rudermann contact term; (E) vector

uci{du’g ] . meson exchange; resonance excitations: (F) direstabrannel
The partial wave representation of th&matrix reads and (G) crossed ar-channel.
fi / _ JAA) A oy fi /
ysuésus(w’p p)= [%Xs'uésus(p ) p)T['EJ(Wa p,p),
3)

approach in the energy region of the mass of the nucleon.

h h introduced
wherewe have infroduce It includes Born terms (diagrams (A)-(D) in Figl)j,

' A 093 ~IS) ] i in Ei
' o (P D) = ctpd, s vector-meson exchangep @nd w, diagram (E) in Fig.
XSulsus ugl%m Hy g Ha ~Hebist @ (1)), and all the four star resonances in Particle Data
I Group (PDG) B4] up to 1.7 GeV and up to spin-3/2:
XNy, (0) Y, () - A(1232), N(1440), N(1520), N(1535)(1620), N(1650),

andA(1700) (diagrams (F) and (G) in FigL)]j.

In the pion photoproduction model from free nucleons
o ; oL . [31] it was assumed that final-state interaction (FSI)
harmonic, p and p are theA final and initial relative factorize and can be included through the distortion of the
momenta, rgspectlvely, amj:. (Gp,(pp_). . niN final-state wave function (pion-nucleon rescattering).

The partial waveT -matrix is obtained as a solution of -\ =< \was included by adding a phages, to the

the Lippmann-Schwinger (LS) equatiotd electromagnetic multipoles. This phase is set so that the

Here ¢ and J denote, respectively, the orbital and total
angular momenta of the systei,,(p) is the spherical

fi b fi total phase of the multipole matches the total phase of the
ToogWo ' P) = Vg3 (P, P) energy dependent solution of SAIR27]. In this way it
tn . ! . o
™ V(0 ) T (W, pl, p) was possible to isolate the contribution of the bare
+ szn/o dpfy (Pﬁ)z —J ? _n(p,f)2£J+i8 L diagrams to the physical observables. The parameters of
ne" n n

the resonances were extracted from data fitting the
(®) electromagnetic multipoles from the energy independent
fi ) . ) ) solution of SAID R7] applying a modern optimization
/ . . . . .
whereV,,,,(p’, p) is the interaction potential between the technique based upon genetic algorithms combined with
pamples and A Iabels possible intermediate two-particle gradient based routine81,35] which provides reliable
configurations with total madd,, reduced massy, and  values for the parameters of the nucleon resonances. Once
with relative momentumg, = /2my (W —My) in the  the bare properties of the nucleon resonances have been
c.m. system. Now we will briefly review the different extracted from data, their contribution to more complex
elementary processes in some detalil. problems can be calculated.

2.1 Pion photoproduction from free nucleons )
2.2 Nucleon-nucleon scattering

To study theyd — NN processes we first need a model
for the elementary reactiopN — 7iN. The model we use ) i )
for this elementary process is the one elaborated in ReffO" @ given NN potential V, the T-matrix of the
[31], which has been applied successfully from NN-§Catter|ng is obtaln_e_d from the LS equation which in
m-threshold up to 1 GeV of photon energy in the Partial wave decomposition reads
laboratory reference system.

The model is based upon an effective Lagrangian T(p', p;E) =Vi(p', p)
approach (ELA) which from a theoretical point of view is ® , Mn _ (6)
a very appealing, reliable, and formally well-established +/0 dki€ Vi (p Mmﬂ(k, P;E)
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for single channels. For the coupled channelsitreads  with theiN propagator

T (P, P E) = Viu (p', p) _ !
My ImkE) = e rie D

+ / dkk2 VM”(p/a k)ﬁTgU[/(k, p, E) B
; 0 MNE —k*+ie wherep, k andp’ are thenN relative momentum in the
(7) initial, intermediate and final state, respectively; grdp),

wherep, k andp’ are the relative three-momenta of the K=/k| and p'=[p’|. E = \/Ml%l +pg+ \/m721+ pj denotes
two interacting nucleons in the initial, intermediate and the total collision energy with on-shell momentym in
final state, respectiveNE denotes the energy of the two the c.m. frame. For our calculations, relativistic kineicsat
interacting nucleons in the ¢. m. frame and is given byfor both pion and nucleon are used, thus

E= p%/MN, wherepy is the ¢c. m. on-shell momentum.

Using the identity En(k) = /M2 + k2, En(k) = /M3 +K2. (13)

;_ —p —imd(X—Xo) (8) The partial wavel -matrix for 7N scattering is then given
X—Xo+I€ X—Xo by

where % denotes the principal value integral, we get the T(p',p;E) = V(p',p)
T-matrix elements in partial wave decomposition o ’

® G(k) (14)
+ [ dkiV(p' k) ——=——T(k p,E),
To(p', P E) =Ve(p', p) /o (p )p%—k2+|£ (k PiE)
0 MN
9/ ARV (p',K)—N T, (k. p: E
+7 | (P )p(z)—kZ (kpE) g  where
1 , [En(Po) +En(K)] [Er(Po) + En(K)]
_ = , : G(k) = . 15
2IITMNpng(D » Po) Te(Po, P; E) (k) [Exn(po) + En(K) + Ex(po) + En(K)] (15)
for single channels and To transform this equation into a principal value
integral equation using identity8) to get the matrix
T (P, P E) =Vir (P, p) elements in partial wave decomposition as
® M
#5200 g T ki) T(p',piE) =V(p',p)
- ” G(k)
1 +9’/ kR V (p',K) LT (k, p; E
—EIHMNDOVM(D/,Do)Tw(po, P E) 0 (p )p%—kz (k;piE) (16)

1.

(10) — 5l 1poG(po)V (P', Po) T (Po, PE) -
for coupled channels. These one-dimensional integral ) ) . )
equations can be solved numerically by means of a matrixI his one-dimensional integral equation can be solved
inversion algorithm which is explained in Re&. numerically for a giverviN potential modeV (p’, p) by

For the NN interaction in theNN-subsystem, the Using the matrix inversion metho8¢l.
separable representations of the realistic Paris potentia For the 7N potential, the realistic separable
from [37] are used in this work. These separable representation ofiN interaction of Nozawat al. [38] is
interactions represent a good approximation of theused.'ThIS model is consistent with the eX|St|ng Un|tary
on-shell as well as off-shell properties of the original description of theniNN system and treats thetN
Paris potential and show a good fit to the modeidata  interaction dynamically, with als-, P- and D-wave 7N
base. Thus, the use of such a realistic potential is goodPhase shifts being well reproduced below 500 MeV.
enough for our purpose.

3 Theoretical treatment of theyd — NN
2.3 Pion-nucleon scattering reaction

Analogous to the case &fN-scattering, thd -matrix for 3.1 Kinematics and cross section
niN scattering is obtained from the LS equation

As a starting point, we will first consider the formalism for

T(p',pE) =V(p',p) incoherent single pion photoproduction from the deuteron
o _ (12)
+ /0 dkKV (p',K) I (K E) T(k, i), y(k &) +d(d) = 71(q) + Na(po) + No(p2),  (17)
(@© 2015 NSP
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Fig. 2: The kinematics of incoherent pion photoproduction from
the deuteron in the laboratory frame.

where the four-momenta of the participating particles are
indicated in the parentheses. The polarization vectoref th including rescattering contributions in the two-body sustems

photonis denoted by, (4 = £1). ) . and neglecting all contributions of two-body meson-exgean
The general expression of the fivefold differential cross cyrents. Diagram (a): impulse approximation (IA); (b)) &nd

Fig. 3: Diagrammatic representation of thé — NN amplitude

section is given by3Z] (d) “driving terms” fromNN- and 7iN-rescattering, respectively.
. 5 3B 3 Diagrams when the elementary pion photoproduction operato
d°g — 0%(k+d—q— p1— p2) Myd°qdp:d°p; acts on nucleon "2’ are not shown in the figure but are included
96(2m)°|vy, — vg| EyE4E1Eoay in the calculations. In the calculations, each diagram shiow
2 (18) the figure goes accompanied by the diagram obtained by the

X Z |TsmIJITU (qvplapZadak)|
SMUMy

exchangeN; <> No.

where the definition of all kinematical variables and

quantum numbers is given in Reg]{ For the calculation currentJy; between the initial deuteron and the final
of the cross sections, the deuteron rest frame is utilized ;N states. In a general frame, it is given by

We have chosen a right-handed coordinate system where ’
the z-axis is defined by the photon momentknand the . 0. 0) = _) smien - Ju-(0)ld: 1
y-axis by k x g, whereq is the pion momentum. The smumy (0 2, 2p) (0, p; smiey - Jyn(O)d; rr(1%>o)
kinematical situation is shown in Fig2), The scattering
plane is defined by the momenta of photoand pionq
whereas the momenta of the two outgoing nuclepns
andp, define the nucleon plane. As independent variables T Q. 0.) — gHM-—meny 0.6

for the characterization of the final state, the outgoing smumy (2r; 2p) smumy (O 6. %"22’1)

pion momentung = (q, 6, @7) is chosen. Furthermore, wheregr = @ — ¢r. The smalk-matrix depends only on
the spherical angles?y, = (6p,¢p) of the relative g 8, and the relative azimuthal anglgy; The
momentum p = (p1 — P2)/2 = (P,Qp) of the WO  glements of thig-matrix are the basic quantities which

outgoing nucleons. ' , _ determine unpolarized differential cross section and spin
The semi-inclusive differential cross section, where asymmetries. If parity is conserved, the following

only the final pion is detected without analyzing its symmetry relation holds
energy, is obtained fronig)

Introducing a partial wave decomposition, one finds for the
scattering matrix the relation

ts—m—ufmd(eﬂa ep’ (PP”) =

d?o Omax _\SHMEp+my _
o :/ dq/de%S S [Tamumy (. P, K2, (-) tsmumg (67, Bp, —@on) (22)
T 0 SMAy which leads to a corresponding relation for thgym,-
_ _ _ (19)  matrix
where the maximum pion momentuip,ax is determined
by the kinematics ands is a phase space factor. Ts-m—p-my(6p, @, O, Pr) =
(—)StmtH+my Tsmumy (Bp, — @, O, — @) - (23)
3.2 The photoproduction amplitude Figure @) shows the diagrammatic representation of

the scattering matrix, where the elementary pion
All observables are determined by the photoproductionphotoproduction operator acts on nucleon 1’ only. All
amplitudeTsmum, Of the electromagnetic pion production possible diagrams when the production operator acts on
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nucleon "2’ are not shown in this figure but are included  The conventionalNN-scattering matnx%’NN s

in the calculations. In addition, all contributions of introduced with respect to noncovariantly normallzed
two-body currents are not displayed in Fig3).( In states. It is expanded in terms of the partial wave
principle, the full treatment of all interaction effects contrlbunons%';';‘/t“ as follows
requires a full unitarymNN three-body calculation. In the
present work, however, we will restrict ourselves to the NNtu(\M\‘ PN Pl =
inclusion of complete rescattering in the various Aot N> NN ENN
two-body subsystems of the final state (diagrams (b), (c), Z Z %'}',ijn?, (PNN; pNN)%y’E‘;IN(\/\MN’ PN, Pln)
and (d) in Fig. B)). I

For the calculation of th&mym,-matrix we start from (28)
the IA (diagram (a) in Fig.3)) to which the contributions
from NN- and iN-rescattering (diagrams (b), (c), and (d), where the purely angular functloﬁu,mm(pNN, Bun) is
respectively) are added. Then, thg,m,-matrix is given  defined by
by the sum

IA NN N %/'Nm(DNN,pNN)
Tsmﬁmh Tsmurm +Tsmurr1d "’Tsmumd (24) m / J / 3 R N (29)
i ; % M Ciryy i Yom, (NN Yerm,, () -
In the following we briefly review these terms in some mim, ¢
detail.
The necessary half-off-shelNN-scattering matrix

3.2.1 The impulse aporoximation %’;’2‘,‘“ was obtained from separable representation of a
o 'mpu pproximat realistic NN-interaction B7]. Explicitly, all S, P, andD

For the IA contribution (diagram (a) in Fig3)), which ~ Waveswere included in theN-scattering matrix.

describes the production on one nucleon while the other

acts as a spectator, one has )
3.2.3 ThernN-rescattering

Tsléunu =(q,p, sm| [ ym ‘Hyn” 1my)
For the contribution ofrtiN-rescattering, two terms are
= [(smi( pl|tV7T (W) | = P2) vy (P2) | 107 considered. The diagrammatic representation of these
mf terms are given by diagrams (c) and (d) in Fig). (
—(1+2)], The niN transition matrix element of diagram (c) has

(25)  the form

(

where tf,,lT) and tf,,zT) denote the elementary pion Tsnn':m%(k,q,pl,pz)Z

photoproduction operator from nucleon '1’ and '2’,
respectively,Wle/2 the invariant energy of the/N,/, Z / d3p2
system,py, = (k—q)/2 £p, and @nm (p) is related to 2

the internal deuteron wave function in momentum space

by <[ 3 5By Bro: i) T (Wi (P2). P i)

— % 3 it (Lme 1m{1mg)uc (p) Yim (P), (26)

Z Z (g(tyl’;/ m27 n’&a U27 Ué)

wq/ E2 o, oty U0

< Gy (Eya. Q' PL,P3) Téy o, (K.0'.P1,PY)

whereu(p) anduy(p) are theSandD components of the X —(—)%"(p1 > Dz)} ,
deuteron wave function, for which the realistic Paris (30)
potential model 39 is used.

with
3.2.2 TheNN-rescattering 13t aif
Cgaa' Mo, M, o, ko) =Ciiy i Ci g

TheNN transition matrix element (see diagram (b) in Fig. 1 11s 15t zt’ (31)
(3)) has the form X ;le m Gy chluz nChr
1
E.E
T (K,0,P1.P2) = /dame/ﬁ and
152
Mn (27) g CQEJ CE“
%NN St ! o MIN R MpmM nfM
X Kok (VN PN PaN) p2— pN2N+is mz”fz m{Zé M =, (32)
XTslr/;\’{umd(kaqapiapé)' XYEmé(pTIN)YErdé(p/nN)a
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wherea = (smt— 1) andf denotes the total isospin of the where p}l’u, and pr?urﬂd denote the density matrices of
interacting pion and nucleon. The relative momentum ofinitial photon polarization and deuteron orientation,
the final (initial) iN-subsystem is given by respectively,Qumsm iS an operator associated with the
, , observable, which acts in the two-nucleon spin space and
Dy = Mng — map2 Pl = M’ (33)  Psis a phase space factor. For further details we refer to
MN + My M\ + My Refs. §0,41].

As shown in Refs. 16,17,1823] all possible
polarization observables for the pion photoproduction
reaction from the deuteron can be expressed in terms of
the quantities

Tomis (K,d,p1,p2) = 21
1smumd = V|L1\1/| (9,6n) = 3 /d-QpPS(Eyaqa-Qm-Qp)
= /d3pi’,/ L G (my,ml, e, 1)) 11
2 GZ By nhznflu%li% - x Zﬂ{d(_)l A <mfd —my M)
my

x [;%’zﬁm(ﬁm,ﬁw

whereq’ = q+p2 — p5.
Analogous to diagram (c), theN matrix element of
diagram (d) is given by

X ;nt;rrprr(j (qa 67’[7 ep7 %n)

X T (Wi (pa), B Bra) % tomumy (0 61, Bps Gprr) (38)
NN
x Gy (Eya, ", P2, py) and
X Tohrwm, (K.0",p2,p7) = (=)* (P14 P2) |, [21+1
Hm ] Wim (Q, On) =\ —— /depS(EyaanTHQp)
(34) 3
_ 1 1 1
where the relative momentum of the final (initial) x Y (=)t <md Cmy M)
niN-subsystem is given in this case by mymy
ﬁnN _ MNq — map1 ﬁ/ _ MNq// _ mr[pi/ (35) X %tswl% (q7 em 9pa %T[)
MN + mr[ ’ ™ MN + mr[ ’ X tsmlmd (q7 67Ta epv %ﬂ) ’ (39)
with q” =k —p2—p7. where we use the convention of Edmondg][for the
Then the contribution fronTiN-rescattering of both  Wigner 3j-symbols.
diagrams (c) and (d) in Fig3J is given by The unpolarized cross section is given by
3
Ty = Tomit + Toman CORICAN VAR (40)
dqdQ
The half-off-shell partial wave ampIitudeﬁ’J’;N’t“ in The photon asymmetry for linearly polarized photons is

Egs. @0) and @4) were found for theS, P, andD partial  given by
waves by numerical solution of the LS-equation. In the

present calculations, these amplitudes are obtained fro do - Wb (41)

the separable energy-dependaNtpotential presented in dqdQ, 0

[38]. The vector and tensor target asymmetries are given by
. L d*c iV (a8

3.3 Definition of polarization observables M Gqday, — (2~ o) Del Vi (@, 6r)]. (42)

The cross section for arbitrary polarized photons andT_he photon and target double polarization asymmetries are
initial deuterons can be computed for a givematrix by~ 9iven by _

applying the density matrix formalism similar to that (i) Circular asymmetries:

given for deuteron photodisintegratiod(. The most d3a

general expression for all possible polarization T ——— = —(2— dvo) OmM[i' i} (q, 67)] . (43)
observables is given by dqdQn

. (ii) Longitudinal asymmetries:
0= z /de psts’nfu'rﬂd Qs’m’smtsmurm

3
aa’ | d°o .
Tht oo = —i' Wi (0, 6r). (44)
XPj Pl @7) ™ dadan "
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4 Results and discussion

The discussion of our results is divided into four parts as
follows:

First, we will discuss various polarization
observables for incoherent pion photoproduction from
the deuteron in theA(1232)-resonance region.
Numerical results for the three isospin channels of the
d(y, 1NN reaction will be given. Theyd — riNN
scattering amplitude is given as a linear combination
of the on-shell matrix elements of pion
photoproduction on the two nucleons (diagram (a) in
Fig. (3)). The results of this part are obtained with the
deuteron wave function of the Paris potent][and

the elementary pion production operator on the free
nucleon of Schmidet al. [6] which describes well the
yN — niN reaction channels (see Re2Z in which

we have presented results for the helicity dependence ,

of theyN — 7N reaction channels in comparison with
the recent experimental data from the GDH
Collaboration #3].). -

— In the second part, the influence of final-st&é\
interaction (diagram (b) in Fig. 3f) in various
polarization observables for the reactigth — 77 pp
will be studied. The understanding of this mechanism
is of great importance to understand the basiy
interaction. The second point of interest is to analyze
the preliminary experimental data for the differential _
polarized cross-section difference for parallel and
antiparallel helicity states fronlP] and for the linear
photon asymmetry from LEGSL{] in order to keep
up with the development of the experimental data. For
nucleon-nucleon scattering in tiNN-subsystem, we
use a specific class of separable potentia# yhich
historically have played and still play a major role in
the development of few-body physics and also fit the._a
phase shift data foNN-scattering. This separable
model is most widely used in the case of tiBIN
system (see, for example, Re#4] and references
therein).

— In the third part, we will present and discuss results
for total cross section and various polarization

T2

Refs. B7,?]. The total cross section, the doubly
polarized cross sections for the parallel and
antiparallel helicity states, the spin response of the
deuteron, i.e., the asymmetry of the total
photoabsorption cross section with respect to parallel
and antiparallel spins of photon and deuteron, the
linear photon asymmetry, target asymmetries, the
beam-target double polarizatioB-asymmetry, and
the deuteron GDH integral will be discussed in this
part.

—The last part is devoted to study the sensitivity of the
results for total cross section and polarization
observables to the elementary pion photoproduction
operator on the free nucleon.

T pp m nn ° np
. 0.3 ——1—— 0.4 . .
2 =285 MeV
/ N\ / 03 wy B
0.1/ . 0.1}/ N
k | _g i | _g
[ ~0.2r B
-0.1} E -0.1 B
0.1
@y =285 MeV 1 @, =285 MeV
-0.3 . 1 -0.3 1 1 0 1
0 60 120 180 0 60 120 180 0 60 120 180
0.3 T T 0.3 T T 0.4 T T
-~ -~ my=330 MeV
/ N ¥ N 0.3+ u
0.1/ N 0.1/ N
J N -2 J N 9
F 0.2 g
-0.1 - - -0.1 -
0.1
(w=330 MeV+ wy=330 MeV
-0.3 . L -0.3 . L 0 L
0 60 120 180 0 60 120 180 0 60 120 180
0.3 T T 0.3 T T 0.4 T T
u\,=450 MeV | o)y=450 MeV W, =450 MeV
03} -
01" T A 0.1/ e A
U N _8 / Sl _ 8
= 0.2 E
0.1 E -0.1 E
03t 03 TR () SN ——
0 60 120 180 0 60 120 180 0 60 120 180
0, [deg] 8, [deg] 0, [deg]

observables when in addition to the pure IA (diagram Fig. 4: The double polarization asymmetil, of d(y, NN

(a) in Fig. 3)) andNN-FSI (diagram (b) in Fig.3J)),
the niN-rescattering (diagrams (c) and (d) in Fig))(

channels as a function of pion anghg at various photon lab-
energies. The solid curves show the results of the 1A-catmn

is also included. Results for the three isospin channeldvhile the dotted curves represent the results when only the
of thed(y, mNN reaction will be given in the energy A(1232)-resonance is taken into account. The left, middk an

region fromrr-threshold up to thé (1232)-resonance.
Extension of our previous work47,18,19,20,21] to
the m-threshold region is presented in order to
understand the dynamics of the pion photoproduction
amplitude neart-threshold. For this purpose, a more
realistic elementary amplitude from Re8]] is used

right panels represent the results fgd — 77 pp, T nn and
mnp, respectively.

which allows to provide a more realistic description of 4.1 The impulse approximation

the m-threshold region. For bothNN- and

niN-scattering in the two-body subsystems, we useWe start the discussion with a sample of results for the
separable representations of realistic potentials fromongitudinal double polarization asymmeiFy, which are
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0 T 0 T 0 T T
plotted in Fig. &) as a function of emission pion andla 02
at various photon lab-energies for all the three charget-04 | - 2
states of the pion for the reactioml — 7NN (see also ™ ¢ - -
Ref. [17]). For neutral pion production (see the right / 1 o8 1 o8 ]
panels of Fig. 4)), we see thafl,, has always positive =250 Mev T eymzsomey Tl aysiomey
values for all photon lab-energies and emission pion ™, 6'0 1'20 w0 o 6'0 1'20 w0 o 6'0 1'20 180

angles. For energies below and above the o — 0 —— 0 ————
A(1232)-resonance, the double polarization asymmetry [ /= S
T,, Shows sensitivity on the Born terms, in particular for
angles between 6Gand 120. Furthermore, it is apparent +% %[
that at extreme forward and backward emission pion

angles the asymmetrIth is very small in comparisonto  -0s8 =340 Mev ]
other angles. At 450 MeV the dominant contribution L
comes from the resonance term. For the calculations of 0 60 120 180
charged pion production channels (see the left and middle °[ =" O O
panels of Fig. 4)), we see thal,, has negative values at 02/ = B

|
T2+2

=390 MeV 7
1 1

60 120 180

forward pion angles which is not the case at backwardy .o |- -

angles. It is also noticeable that the contributions of Bor™ [ F

terms are large, in particular at energies above the

resonance region. At extreme backward angles, we see®®[ w=s2omev]  O8[ w=aromev 08 wy=s00mev ]

thatTZEO haS Sma” pOSitive Values' _10 GIO 1I20 180 _10 6IO 1I20 180 _10 6I0 1I20 180
8, [deg] 8y [deg] 8, [deg]

Fig. 6: The double-polarization asymmet’rf+2 of d(y, mNN at

W;zso Mev w;=360 Iy mvzlsoo MoV various photon lab-energies. Notation as in F&j. (
0.4 f g 0.4 g 0.4 -
Q 0.2\ 14 g 02 4 g 02 1
- —
0 - 0 : 0 [ e 0.1 T - T
-0.2 1 E 02F E 0.2 E @y =270 MeV
-0.4 L L -0.4 L L 0.4 L L 0 -0.
0 60 120 180 0 60 120 180 0 60 120 180 /+/f
05 [deg] 5y [deg] 65 [deg] T -0.
W -0.1 [ 4
Fig. 5: Tensor target asymmetilpg of d(y, m)NN channels as a iE o
function of emission pion angle at various photon lab-eiestg o2k i
The solid, dashed, and dotted curves correspond te> T pp, '
T nn, andr®np, respectively.
0.3 ! : -0.
o 60 120 180 0 60 120 180
In Fig. (5) we present the results for the tensor target By [deg] 8 [deg]

asymmetryT,g as a function of6; [18]. Predictions for ) .
the three isospin channels @fy, T)NN at various photon ~ Fig- 7: Photon beam asymmetr§ for d(y,7)pp reaction
lab-energies are given. For the reactigh — 7TNN at in comparison with the. ‘preliminary’ experimental datarfro
forward and backward emission pion angles, the-EGS@BNL Collaboration]4].
asymmetryTyg allows one to draw specific conclusions
about details of the reaction mechanism. Comparing with
the results for linear photon and vector target asymmetries ) .
[17,18] we found that for charged pion production three charge states of the pion for the reactidr-> NN
channels the asymmetfpo has relatively large positive at various photon lab-energies (see also REg|)[ The
values at pion forward angles (8; < 30°) while small ~ Solid, dashed, and dotted curves correspond to
negative ones are found whed changes from 30to  Yd — 7T pp, 71'nn, and 'np, respectively. In general,
180°. For neutral pion production channel, we see fhgt ~ One readily notes that the longitudinal asymmety,
has negative values at forward angles and positive ones &2S negative values. For neutral and charged pion
backward angles. Only at energies abovedhegion we prﬁoductlon Chan_nels, it is apparent t_hat the asymmetry
observe small negative values at extreme backwardz42 Nas qualitatively the same behavior. We see also that
angles. the values off} , for n° channel are greater (in absolute
The longitudinal double-polarization asymme1l'r2§42 value smaller) than its values forr* channels, in
is plotted in Fig. 6) as a function of pion angle for all the particular at6; = 0°. Furthermore, we noticed that the
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Fig. 8: The differential polarized cross-section difference
(do/dQn)P — (do/dQy)A for yd — m ppas a function oB!2P

in comparison with experimental data from Ref2] at different
photon lab-energies. Dashed curves: IA; solid curves:NA+
rescattering; dotted curves: predictions yor— 17 p reaction.

03— 1. 0. ' ' '
0 60 120 180 0 60 120 180

6, [deg] 6, [deg]

Fig. 9: Photon asymmetry for the reactiord(y, 7~ )pp at two
different photon lab-energies in comparison with the pneiary
data from LEGS 14]. Notation of curves: dashed: IA; solid:
IA+NN-rescattering.

values ofT}, , in the case oft®-production are insensitive

0.02

0.01

0 0 0
200 300 400 500 200 300 400 500 200 300 400 500
W, [MeV] W, [MeV] 0y [MeV]

Fig. 10: The double-polarization asymmeﬁ“f0 ford(y,m)pp
as a function of photon lab-energy at fixed value§gfNotation
as in Fig. 9).

The photon asymmetry>z for linearly polarized
photons is shown in Fig.7f (see also Ref. 1g]) in
comparison with experimental data. In view of the fact
that data forrrt and m° production channels are not
available, we concentrate the discussion am
production, for which we have taken the ’preliminary’
experimental data from the LEGS@BNL Spin
Collaboration [L4]. In agreement with these preliminary
data, one can see that the predictions in the pure IA can
hardly provide a reasonable description of the data. Major
discrepancies are evident which very likely come from
the neglect of FSI effects. This means that the simple
spectator approach cannot describe the experimental data.

4.2 Influence of NN final-state interaction

Here, we discuss the influence of tNeN-FSI effect on
polarization observables for the reactigd — 1 pp
only. We begin the discussion by presenting the results for
the differential polarized cross-section difference for
parallel(do/dQy)P and antiparalle(do /dQx)* helicity
states in pure IA and wittNN-rescattering, as shown in
Fig. (8) as a function of the emission pion angle in the
laboratory frame at various photon lab-energies (see also
Ref. [19)). It is readily seen thalNN-rescattering - the
difference between the dashed and the solid curves - is
quite small, and indeed almost completely negligible at
pion backward angles. The reason for this stems from the
fact that in charged-pion productiofS;-contribution to
theNN final state is forbidden.

By comparing the results for the difference
(do/dQn)P — (do/dQn)” in the case ofyd — m pp
(solid curves in Fig.&)) with those in the case of the free
reactionyn — 1 p (dotted curves in Fig.§) and also
presented in Ref.22] in which we have investigated the
helicity dependence of thgN — 7N reaction channels),
we see that a large correction is needed to go from the
bound deuteron to the free neutron caskd.[ The
difference between the two results decreases to a tiny

to the photon energy and/or pion angle, which is not theeffect at backward angles. FigureB)(also gives a

case forrr=-production channels. It is very interesting to
examine these asymmetries experimentally.

comparison of the results for the helicity difference with
the experimental data from the GDH Collaboratidr2][
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It is obvious that quite satisfactory agreement with from m-threshold up to thed(1232)-resonance2p,30].
experiment is achievedl]. An experimental check of We also disentangle the different contributions to the
the helicity difference at extreme forward and backwardobservables from thebare elementary reaction, the
pion angles is needed. Also, an independent check in th&N-rescattering, and thaN-rescattering. We are going
framework of effective field theory would be very to extend the work in the preceding papetg,[L8,22, 19,
interesting. 20,21] to the rr-threshold region in order to understand
Figure ©) shows a comparison of the numerical the dynamics of pion photoproduction amplitude near
results for the linear photon asymmetfryin the pure IA  m-threshold. The extension includes the following
(dashed curves) and withN-rescattering (solid curves) important aspects:
[20] with the preliminary experimental data from the
LEGS Spin Collaboration14]. We see that the general
feature of the data is reproduced. However, the
discrepancy is rather significant in the region where the
photon energy close to thA-resonance. In the same
figure, we also show the results from the 1A only (dashed
curves). It is seen that tieéN-rescattering yields an about
10% effect in the region of the peak position. We found
that this is mainly due to the interference between the IA
amplitude and th&N-FSI amplitude. In agreement with
our results in the pure IA1g], one notes that the pure IA
(dashed curves in Fig. 9)) cannot describe the
experimental data. The inclusion BfN-FSI leads at 270
MeV to a quite satisfactory description of the data,
whereas at 330 MeV th&IN-FSI effect is small and
therefore differences between theory and experiment are
still evident. It is appear that our model is still not capabl
of describing the measured photon asymmetry, even i
NN-FSI is included. The influence ®§N-rescattering on
the longitudinal double-spin asymmetr)TZ‘0 was We compare in the figures calculations with different
investigated in our previous work]] as a function of ingredients, showing separately the contribution from the
photon lab-energy for fixed angles (see Fitp))j. We see  bare interaction and the final state interaction one. We call
that Tfo has very small values at forward pion angles impulse approximation (IA) to the bare contribution to the
aroundf,; < 60°. These values increase (in absolute valueobservables shown in diagram (a) of Fig) {ogether with
decrease) with increasing the photon energy. At extreméhe same diagram exchangiNg <> N,. In what follows,
backward angles, we see th@f, has small positve when we cite any diagram (a)-(c) in Fig)(we implicitly

(i) A more realistic elementary pion photoproduction
operator from Ref.31] is used. This model based on
an effective Lagrangian approach (ELA) includes
seven nucleon resonancesA(1232), N(1440),
N(1520), N(1535)A(1620), N(1650), andi(1700)),
in addition to Born and vector-meson exchange terms.
It incorporates a new theoretical treatment of spin-3/2
resonances avoiding pathologies present in previous
models and also allows to provide a more reliable
description of thar-threshold region.

(ii) The influence of bothNN- and niN-FSI effects on

unpolarized cross sections and spin asymmetries is

guantitatively studied. We consider, besides the pure
impulse approximation (1A), complete rescattering in
the final two-body subsystems, i.e. in theN- and
niN-subsystems.

1(iii) Comparison with recent experimental data and other

theoretical models is discussed.

values. mean the contributions of both the depicted diagram and
From the foregoing discussion for the polarized crossthe corresponding one obtained unbtler—+ N, exchange.
sections and spin asymmetriek9]20,21] it is apparent We have to be careful with what we call IA. A truly

that the contribution oNN-FSI is much important in the 1A calculation (a calculation that includes only diagram
energy region around th&-resonance, especially in the (a)) cannot employ directly the elementary amplitudes
peak position and must be considered in the analysis of thevhich fit the electromagnetic multipoles giN — 7N
forthcoming experiments. One notices that the inclusionprocess, because the effectrofi-rescattering is included
of NN-FSI leads to an overestimation by about 10% ofin those fits. For example, if we use the multipoles
the plane wave results. For lower and higher energies, onprovided by the ELA model which fit the experimental
can see that th&IN-FSI effect is small. This means, in data, and afterwards we includéN-rescattering, we are
particular with respect to a test of theoretical models fornot really including just diagram (a} diagram (c), but
pion production amplitudes on the neutron, that one needsather diagram (a)+ diagram (c) + diagram (c)
a reliable description of the scattering process. Hopgfull calculation. Therefore, if we wish to calculate the
these predictions can be tested in the near future when theontribution coming just from diagram (a), the bare
data from the on-going experiments become available. contribution to the amplitude has to be extracted from the
analysis of theyN — niN, where FSI has to be removed.
This was done for instance in ReBJ]. We name IA to
4.3 Effects of NN andN-rescattering the calculations where theN-rescattering is included in
the elementary reaction. fAis therefore equivalent to a
The main goal of this section is to report on a theoreticaldiagram (aH diagram (c) calculation. In sectioh4 we
prediction for the total cross section and spin observablesompare results for IA+rescattering and IA+rescattering
for both the charged and neutral pion photoproductionresults using MAID and ELA models. We refer to the
channels of the reactiopd — 7NN in the energy region calculation that includes diagram (b) BN and diagram
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(c) using thenN rescattering, asiN. Therefore the full
calculation, consistent and with all the effects considere
in this work is what we refer as IATIN + NN. Results in

Refs. R3,24,25 contain a double-counting of the _
niN-rescattering because their starting point is MAID and®
SAID amplitudes as elementary reaction and afterwards, **[
they includeriN-rescattering (they perform what we call ©

an IA* 4 riN 4+ NN calculation).
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Fig. 11: Total cross section ford(y,m°)np using the
electromagnetic multipoles of set no. 2 from the effective
Lagrangian approact8]]. Left panel: results frontr-threshold
up to the A(1232)-resonance region in comparison with the
experimental data from Kruschet al. [11]. Right panel: results
near ri-threshold as a function of the excess energy abwve
threshold Ey — E§,h’. Curve conventions: (dotted) IA; (long-
dashed) IA-TIN; (short-dashed) IANN; (solid) IA+NN+ 7N,
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Fig. 12: Same as in Fig.1(1) but for d(y, ) pp. Experimental
data from Benzt al.[45] (solid circles), Chiefaret al.[46] (open
circles) and Quraaat al.[47] (open square).
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Fig. 13: Same as in Fig.1(1) but for d(y, " )nn. Experimental
data are from Bootlet al. [48]. The three-dashed curve in the
right panel denotes the ChPT prediction of Lenskl.[49].

4.3.1 Total cross sections

In the left panels of Figsi{), (12), and (3) we show the
results for the total cross section fromthreshold up to
the A(1232)-resonance region for thed — m°np,

yd — m pp, andyd — mmhnnreactions, respectively (see
also Ref. BQ)). In the right panels of the same figures our
predictions for the region near-threshold as function of
the excess energy abovethreshold,E, — Er in the
laboratory system, are also shown. From tﬁe comparison
with the experimental data it stems that our model
overestimates the total cross section for tifechannel
and slightly underestimates it for ther™ channel,
however, on the overall, we obtain a very good agreement.
Compared to the ChPT prediction fromqg for the "
production channel neat-threshold (right panel of Fig.
(13)) a good agreement is obtained when FSl is included.

The importance of rescattering in the neutral channel
is clearly addressed when the full calculation is compared
to the IA one. It is very clear from the right panels in Figs.
(12), (12), and (3 that the charged pion production
cross-sections differ significantly in magnitude from the
neutral pion ones due to the Kroll-Rudermann term
(diagram (D) in Fig. 1)) which does not contribute to the
neutral pion production reaction. We would like to
emphasize that at photon energies closertthreshold,
almost all the contribution to the cross sections comes
from Born terms. We observe also that the
niN-rescattering is not very important in both neutral and
charged channels in what regards to the total cross section
and that theNN-rescattering plays a central role in neutral
pion production but not so in charged pion channels. The
result on charged pion production is compatible with what
is obtained for the elementary procggds — mN where
the charged-production observables are already well
predicted without the inclusion of final state interactions
[3]. Since the contribution fromrmiN-rescattering is
small, the effect of multiple scattering of the pion with
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two .outgoing nucleons (see diagrams (d) and (e) in Fig. d(y,®)np dg.Tt )pp dg,r )nn
(3)) is expected to be small too (see al56]). LS 6T 6T
= 1F 4 4t 4 at .
= ¢
) o o5l 4 2t g
d(y,®)np dg.t )pp
1000 T T T 300 T T T
h 0 1 1 0 1 1
0 5 10 15 20 0 5 10 15 20
g 2 T 150 7717 150 T
: p
° L i 151
= 100 - A 100 P
=z [ .
1 1 1 <°
50 200 250 300 350 150 200 250 300 350 05 - _ 50 - 1 S0F P 1
1000 —————— 300 ————1—— 300 ————1——
0 I Il Il 0 all Il Il 0 Il Il Il
800 - ] 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
g 600 05 T 0 T (U N
<, 400 _ . o
200 F 3 0w 50 S sof T T
- o N
150 200 250 300 3! % 0.5 o, ] "0 - « | 1oor
800
1 PR U R 150 ) S I 150 S I
= 600 - 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
= 400 B8 Mev] EE [MeV] EE [MeV]
< L
-
© 200 - “ Fig. 15: Same as in Fig.14) but in the energy region near
0 = . 200 Lot 1. 450 Let 1 thresholdE, — E{,hr denotes the excess energy abowthreshold
150 200 250 300 350 150 200 250 300 350 150 200 250 300 350 i the laboratory system.
E, [MeV] E, [MeV] E, [MeV]

Fig. 14: The helicity dependent total photoabsorption cross
sections for the separate channelsdoy, m)NN for circularly  a neutron target and quasifree kinematics is preferred in
polarized photons on a longitudinally polarized deuterathw  order to minimize possible interaction effects.
spin parallelo® (upper panel) and antiparallef* (middle panel) Left panels in Figs.14) and (L5) show the importance
to the photon spin in the energy region franthreshold uptothe ¢ rescattering effects in the neutral channel when the full
A£\1232)-resonance. Thellower panel shows the differerice _calculation (solid curve) is compared to the IA one
;o'sgzéézgnd?sf\tgncsmgnii?nn;n;:ti%/lglzjt)(ztal photoabsamptio (dotted curve). The most important contribution to FSI
' comes fromNN-rescattering, whilsttN-rescattering is
much smaller and is significative only ia® at photon
energies close tar-threshold (see the left panel in Fig.
(19). This is due to the non-orthogonality of the final
o ) state plane wave in |A to the deuteron bound state wave
4.3.2 Helicity dependent cross sections function. We also find that FSI effects are equally
important for botha” and o”. FSI effects lead to an
The results for the doubly polarized total cross sections inoverall strong reduction of the spin asymmetry in the
the case of the IA alone and with FSI effects are shown inenergy region of thel(1232)-resonanc&p]. o” is larger
Fig. (14) (from rr-threshold up to the\(1232)-resonance thano” because of thé(1232)-excitation.
region) and Fig. 15 (nearm-threshold region) (see also The cross sections® and o” as well as the spin
Ref. [29)). Results are displayed in Figsl4) and (L5 as  asymmetryo” — o” present qualitative and quantitatively
follows: (upper panel) total photoabsorption crosssimilar behaviors for both charged pion production
sectionsa® for circularly polarized photons on a target channels (see also Ref2g)). The FSI effects appear
with spin parallel to the photon spin; (middle panef}, mainly in g” at photon lab-energies close tpthreshold
the same for antiparallel spins of photon and deuterorn(Fig. (15)). We find that the spin asymmetry” — o”
target; (lower panel) spin asymmetry” — o for the  starts out negative due to tHg&., multipole, which is
individual contributions of the different pion charge st dominant in thermn-threshold region, and has a strong
to the yd — nNN reaction. Several experiments to positive contribution at higher energies due to e,
measure the deuteron spin asymmetry are presentlynultipole, which is dominant in thé(1232)-resonance
underway L2]. In these experiments, deuterium serves asregion. The effect of FSI is important for both the neutral
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and charged pion production channels in tthreshold L L B 0
region. ;
\ 0.1 H
01F | y 4 i
. ) 0.2
0 T T T T T 0 T T T T T W -0.2 - \\\ _,/ N
E,=264.7 MeV \ £=297.7 MeV -0.3
-0.3}F -
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0.4 F i‘ / 4 6y [deg] O [deg]
’ h ¥ . o B
Fig. 17: Same as in Fig.16) but for theyd — m pp channel.
-0.6 L The three-dashed curves in the bottom panels denote thiésresu
0 30 609 90 d12° 150 180 of Lee and Satoq1] without FSI effects. Experimental data are
e [deg] from the LEGS Collaboration (LEGS-exp-L31)4].

Fig. 16: The beam asymmetr¥ for linearly polarized photons
for semi-exclusiver® photoproduction from the deuteron as a
function of pion angle in the laboratory frame of the deutero €xcept at the small angles region, where a sizeable
at different photon lab-energies using the electromagneti deviation at 30 degrees is observed due to rescattering
multipoles of set no. 2 from the effective Lagrangian apphoa contributions. The small angle region is sensitive to
[31]. Curve conventions as in Figl{). Experimental data are model dependencies and rescattering effects and the
from the LEGS Collaboration (LEGS-exp-L3@4]. results are again more dependent onkHé-rescattering
than on thetN-rescattering. Th&lN-rescattering tends to
enlarge the asymmetry in charged channels and to
decrease its value slightly in the neutral channel.

When compared to the recent model by Levckukl.
[25] our results seem to compare better to the data from
LEGS (LEGS-exp-L3b)14], Figs. (16) and (L7), but we

In Figs. (16) and (L7) we show a sanrgple of our results for 56 1o wait until the final data are available to make a final
the photon beam asymmetdy for i° and m~ channels,  giatement on this comparison.

respectively (see Ref2f)]). This asymmetry does not
exhibit a strong effect of the rescattering contributiod an
it is an excellent test of any weaknesses in the underlyingi 3.4 Target asymmetries

elementary reaction model.

The first effect that we observe is thatl-rescattering  The target asymmetri€ky, To1, and Tyg for the neutral
contribution is small for this observable in the energy channel are plotted in Figl8) (see also Ref.3(])). These
region under study. The influence of FSI is noticeable atasymmetries show a large effect on the rescattering
the lowest energy and forward pion angles. With contribution and the employed elementary reaction
increasing photon lab-energy the effect of FSI becomesnodel. Thus, they constitute an excellent set of
smaller although not negligible, even at the highestobservables to test our model and to compare it to other
energy. In Fig. 1{7) we show our results form models. Actually, our predictions for these observables
production together with the Lee-Sato calculatidii][ are quite different from those by Levchek al. [25] and
which is equivalent to our 1A calculation but using the by Arenhdvel and Fix 23]. Unfortunately no data are
dynamical model developed irbZ. The Sato and Lee currently available for these observables and therefore we
model provides a result close to the one from our modelcannot make a comparison to experimental data.

4.3.3 Beam asymmetry
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Fig. 18: Target asymmetriesTi1, Top, Tp1, and Tyg for Fig. 19: Same as in Fig.1g) but for yd — 7 pp at photon lab-
semiexclusiver® photoproduction from the deuteron at photon energyEy, = 270 MeV.
lab-energyE, = 265 MeV using the electromagnetic multipoles
of set no. 2 from the effective Lagrangian approagt.[ Curve
conventions as in Fig1().
asymmetry is given by

E(6y) — d(o*—0o")/dQ  d(o"-0")/dQ

In charged channels (see Fi@9) the structure of the - d(oA+07)/dQ " 2(dop/dQ)

target asymmetrie%;,, T3, and Tz is very simple. They  heredo®/dQ anddo”/dQ represent the spin parallel
all present a peak at a certain angli( T2, andTa1 angd antiparallel differential cross sections, respelytjve
approximately between 25 and 60 degrees, Bo@t zero  and dgy/dQ denotes the unpolarized differential cross
degrees) with a decreasing asymmetry towards zero fogection. The helicity dependent cross sections are well
180 degrees except for tfigy asymmetry and low-energy - gyjted to verify the GDH sum rule, to do partial channel
T11. We find thatriN-rescattering effec;ts are negligible. analysis, and to give contributions to the double
Our results for ther™ channel are similar to thg ones of polarizationE-asymmetry. This asymmetry appears as an
Levchuket al.[25] probably due to the fact that final state jnterference between the amplitudes with different
interactions are not so important in charged Chan”6|5parity-exchange properties.

H.owever, theTp; asymmetry we Calculatg behaves ina The helicityE-asymmetry (Fig.20)) has qualitatively
different way than those of Refs23,25 in the large 3 similar behavior for all pion photoproduction channels.
angle region e_md seems to have some model dependenge maximum value oE equals unity atd; = 0° and
(see Figs. (9) in23 and (21) in R5)). 180°. The curves begin with unity and decrease as the
pion angle increases until the minimum value is reached
at 6; ~ 90°. Then, it increases again to unity. The
negative values in th&-asymmetry come mainly from
higher positive contribution ida®/dQ [29].

Figure 0) shows also that the helicifig-asymmetry
There is a great deal of interest in experimerit4] [to does not exhibit a strong effect of the rescattering
determine the beam-target double polarizationcontribution and, therefore, it is an excellent observéable
E-asymmetry for theyd — niNN reaction channels. In test any weakness in the underlying elementary reaction
connection with this study, we provide in Fig2Q) a  model. We find that FSI are sizeable in the neutral
sample ofE-asymmetry as a function of the emission channel, whereas in charged channels they are noticeable
pion anglefy in the laboratory frame for the individual only at the lowest energy. THe-asymmetry proves to be
pion photoproduction channels (see also R2€])l This  sensitive to the choice of the input elementgy — 7N

, (45)

4.3.5 The double polarizatidd-asymmetry
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dty.rnp gt )pp dgt')nn 4.3.6 The Gerasimov-Drell-Hearn integral
=~ SN e '
é 313: N/ 1 s 4 oser /1 Next, we discuss the GDH sum rul2g] which links the
gork N1 ol 1 oesl =7 ] anomalous magnetic moment of a particle to the energy
W 06 E=150Mev | E=150 MeV{ £ =150 MeV weighted integral of the spin asymmetry of the
0.5 1 1 0.97 . 1 0.97 . 1 - I i i
0 60 120 180 o 60 120 180> 0 0 120 180 Photo-absorption cross section. For a particle of nMss
1 — chargeeQ, anomalous magnetic momemt and spinS it
E? os :\Efzgo M% reads
E ofd o dE/ e
forp \ /- = [ B M)~
1 p\ / . 0 v
0 60 120 1 (46)
1 T T 1 T T 1 T T
8 o0s \ E,=350 M‘% 05 \ / 05 \ / wherea”® denote the total absorption cross sections for
E of! 0 0 circularly polarized photons on a target with spin parallel
8 o5l \ 1 osl 1 o5 NS 1 (P) and antiparallel ) to the photon spin. This sum rule
w Ey:350 MeV. %2350 MeV . . . .
1 P 1 PR - provides a very interesting relation between a ground

-1
0 60 120 18 0 60 120 180 O 60 120 180 gtate propertyK) of a particle and its whole excitation
O [deg] 8 [deq] O [deg] spectrum. Apart from the general assumption that the
integral in Eq. 46) converges, its derivation is based
Fig. 20: The double polarizatioi-asymmetry (see Eq4p) for  solely on first principles like Lorentz and gauge
its definition) as a function of the pion angle in the laborato  nvariances, unitarity, crossing symmetry, and causality
frame at various photon lab-energies for the separate ef@nn the Compton scattering amplitude of a particle.
of the reactiord(y, m)NN for circularly polarized photons on a Consequently, from the experimental and theoretical
longitudinally polarized deuteron. Curve conventionsragig. points of view, a test for various targets becomes very
(12). important.
To present the results in a direct way, we introduce the
finite GDH integral as defined by

Ey dE,
GDH P A
amplitude and to the double-counting of the ' (Ey) :/o = (o (E;/)_U (E;/)) : (47)
niN-rescatteringZ9]. We would like to point out that very 4
preliminary data for the helicityE-asymmetry of the In Fig. (21) we depict our results for the evaluation

yd — m°np reaction at photon lab-enerdy, = 349+5  of the GDH integral for the individual contributions from
MeV have been measured by the LEGS@BNL the different charge states of the pion for tii— 7NN
Collaboration L4]. However, the data analysis has not yet reaction as a function of the upper integration limit. The
been completed. contributions of various pion photoproduction channels to
the finite GDH integral (Eq.47)) up to 350 MeV and their
sum are summarized in Tablg) (see also Ref.Z9)).
We find that a large positive contribution to the GDH
integral comes from the®-production channel, whereas
d(y.®)np dg. T )pp dg.m)nn the charged pion channels give a negative but - in absolute
W) O] N value - smaller contribution to the GDH integral. This
120} /H 20t 1 2l P negative contribution comes from the isovector M1
: \ transition to thelS state, which can only be accessed
iyl N when the spins of the photon and the deuteron are
-60 - S o antiparallel. The inclusion oNN-rescattering reduces
0 8 RETETEN s significantly (more than a half, see Tablg)(the value of
150 200 250 300 350 150 200 250 300 350 150 200 250 300 350  the integral. The integral is slightly reduced by the
E [Mev] E [Mev] § [Mev] niN-rescattering. Contrary with what we have found in
other observables, we find that FSI effects are sizeable in
Fig. 21: The Gerasimov-Drell-Hearn integral (see E4f)(forits  the GDH integral for both neutral and charged pion
definition) as a function of the upper integration limit feparate production channels2p]. The measurement of spin
channels of thel(y, m)NN reaction. Curve conventions as in Fig. asymmetry for the various pion photoproduction channels
(1D. on the deuteron represents a stringent test of our present
theoretical understanding of thgd — 7NN reaction.
Hence, the experimental programs at facilities like MAMI
at Mainz and ELSA at Bonn, concerning the GDH sum

80| a0b N\ A

IGDH ﬂ.lb]

40 -
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Table 1: Contributions of various channels for quasifree pion dy.®)np dg.rt )op

photoproduction from the deuteron to the finite GDH integral _ O T 1~ O

using the elementary reaction froiJ and explicitly integrated é foon

up to a photon lab-energy of 350 MeV jirb. 5 004 Sr
Contributon 7 pp mnn  mnp 71NN 5:5_0.08 1 10 ,
1A -36.08 -13.07 155.93 106.78 1% E, =155 MeV / E=155 MeV E =155 MeV,
IA+NN -46.28 -20.37 111.04 44.39 012 L L .15 L L -15 ! !
IA+NN+7N 4776 -20.11 109.16 41.29 0 60 120 180 O 60 120 180 O 60 120 180

rule on the deuteron are of great importance for further

progress in the field. =230 MeV / E=230 MeV|

1 1 .25 1 1
0 60 120 180 O 60 120 180

d(@™c™)/dQ [ubrsr]

350 T T T

150 N ~ 30 [ 4 30 F .
- E,=350 MeV | =350 MeV ! =350 MeV,

_50 1 1 _50 ' 1 1 _50 1 1
0 60 120 180 0 60 120 180 O 60 120 180

8, [deg] & [deg] 8, [deg]

d(@™c™)dQ [ub/sr]

-50

=" [ub]

-250

Fig. 23: Circular photon polarization asymmetry for the separate
channels of semi-exclusive pion photoproduction on theéaten
A T T e 250 300 350 as a function of the pion angle in the laboratory frame at
E, [MeV] various photon lab-energies using different elementaign pi
photoproduction operators and including FSI effects. €urv
conventions: dashed, IA- NN+ riN¢ using MAID [26]; dotted,
Fig. 22: The helicity-dependent total photoabsorption cross IA* + NN+ 7N using ttﬁ:dres—ged rcnultipgles of E[Lg]]l];solid,

section difference ¢ — o) for the semiexclusive channels : . ;
’ . IA+NN+ 7N using the bare electromagnetic multipoles of ELA.
yd — =NN. Curve conventions: dashed, 1A- NN+ riN using NN 9 9 P

MAID [ 2€]; solid, IA+NN+ 7N using the bare electromagnetic
multipoles of ELA B1]. Experimental data taken fromi §).

ELA model (solid curve) including FSI effects. We
compare to the latest experimental data from the A2 and
GDH@MAMI Collaborations 13] and we find an
o excellent agreement with data. Our ELA computation
4.4 S_en5|t|V|ty to the elementayi — 1N provides a slightly better agreement than the computation
amplitude using MAID model.
In Fig. (23) we show the helicity differential cross
In what follows, we discuss the influence of different section differencel(c® — 0”)/dQ using the bare ELA
choices for the input elementary pion photoproductionmodel (solid), using MAID model (dashed) and the
operator on the results presented above folthes NN dressed ELA model (dotted) in the neutral channel. Both
reaction channels (see Ref29]30] for more results). We  results are quite different, specially at low energies.hét t
compare results for the helicity total and differentialsso  peak position, we obtain larger values using MAID than
sections, spin asymmetries, and the GDH sum rule for theising ELA. At extreme forward pion angles, large
deuteron in the energy region from nemthreshold to  differences between both results is obtained. This
the A(1232)-resonance, using as elementary reactiordiscrepancy is more noticeable for energies close to
amplitudes the ones provided by the ELA model from r-threshold and shows up the differences among
Ref. [31] and those obtained using MAID mode24]. elementary operators. The difference between the dotted
The results of this comparison are collected in Fig@®),(  (dressed ELA) and solid (bare ELA) curves shows the

(23), (24), and @5)). effect of nN-rescattering, which is found to be important
First, in Fig. 220 we show the helicity-dependent nearr-threshold.
total photoabsorption cross section differenc® ¢ o#) If we focus our attention on th&-asymmetry (Fig.

for the semi-exclusive channejal — NN using the  (24)) and GDH integral (Fig.45)), a sizeable difference
elementary operators from MAID (dashed curve) and ouris obtained in the energy region nemithreshold. Table
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diyr®)np A4t )op dgrt)nn Table 2: Same as Tablel] but using the MAID model 26] as

1 ———— 1 — 1 —— elementary reaction operator.

2 08|\ _ - Contribution mpp mtnn 71np NN

Eosf N /] %1 BNV ] AT 2302 -3.87 17436 147.47

7 oal N ] IA* +NN -28.79 -8.65 123.13 85.69

© \ / 096 - 4 096F g

woo, L S]] : : IA*+NN+ N, -29.38 -8.68 122.67 84.61
“[ E, =155 MeV E =155 MeV E =155 MeV|
0 L L 0.94 L L 0.94 L L

0 60 120 180 0 60 120 180 0 60 120 180

a .

5 1P (350 MeV) = 4129 ub whereas MAID:

E - L2y m (350 MeV) = 84.61 b (see also Ref2p).

5 - oy N ol In the charged channels the results using MAID or
1 Ey=‘2’30 MeV ] ,%;230 MeV ,%;230 MeVi ELA as elementary reaction operators are different in the
L4 éo 1'2 s 280 ™% éo 1'2 5 280 éo 1'2 S e, near rr-threshold  region, where the predicted
L L L E-asymmetry within the ELA is - in negative sign -
ooh Ev=l350 MeV A %;350,\',@\/,/, ,%;350 MeV. - smaller than those within MAID, but provide similar

£ \ /] 08 /1 08| Ve results in the A(1232)-region. Although both

E o2r i1 oal) 71 el /] computations provide results for the GDH integral that

?-0.2 o 1 : differ in, approximately, a factor two, the curves

Wosr N/ 4 02 N 1 0z2r \/ T computed using MAID and ELA models displayed in Fig.
Al el ) el (22) are not much different, and one must look more in

0 60 120 180 0 60 120 180 0 60 120 180 (eep for the reasons in the different GDH values. This
O [deg] 8 [deg] 8 [deg] large difference in the GDH - in spite of the relatively

small dissimilarity shown in Fig.22) - shows the large
Fig. 24: The double polarizatiof-asymmetry as a function of sensitivity of the GDH integral to the choice of the
the pion angle in the laboratory frame at various photon lab-elementary operator employed. The GDH results from
energies for the separate channelslof, )NN using different  two large contributions of negative and positive signst tha
elementary pion photoproduction operators and includify F cancel to a large extent in the final results. The curve
effects. Curve conventions as in Fig3]. computed with the MAID model seems more

"symmetric” and hence the cancellation of the positive

and the negative contributions to the integral is largentha

d@y.7®)np dg.t )pp dg,m")nn for the ELA model computation which presents a larger —
150 ————— 0T 0T in absolute value — negative part. This partial canceltatio
20\ ] ) also means that the contribution of the processes
g 100r A0\ /A considered in this work to the total GDH integral up to
z 40 - s 350 MeV is relatively small compared to other
= S0r sl Nl r 1  contributions. For instance in Ref24] a value of about

o P PO I e 240 pb for the total GDH integral up to 350 MeV is
150 200 250 300 350 150 200 250 300 350 150 200 250 300 350  found. Our pionic contributions gives 4@b. The rest
E, [Mev] E, [MeV] E, [MeV] should be either coherent pion production or two-nucleon
break-up. Summarizing, we can say that the MAID model

Fig. 25: The Gerasimov-Drell-Hearn integral as a function of the provides different predictions for polarization obseresb

upper integration limit for separate channels of t{g, 1NN than the ELA model, particularly at low photon energies,

reaction using different elementary pion photoproduction and that the GDH integral provides an excellent
operators and including FSI effects. Curve conventions&g.  observable to test different pion production operators.

(23). From the preceding discussion it is apparent that
niN-rescattering and the choice of the elementary operator
have a visible effect on spin observables. Therefore, we
have to be careful when including additional

(2) displays the extracted values of the GDH integral up iN-rescattering in calculations that use MAID or SAID

to 350 MeV for all three pion photoproduction channels as elementary reaction operator.

and their sum for our results using MAID as elementary

reaction operator. Compared the values in TaBjauging

MAID to the values presented in Tabl®) (using ELA, we 5 Conclusions and outlook

find that ELA: IGPH(350 MeV) = 10678 pb whereas

MAID: 1GPH(350 MeV) = 147.47 ub. After including  The main topic of this work was the investigation of

FSI effects we obtained ELA: polarization  observables in  incoherent  pion

(@© 2015 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

546 N <SS 2 E. M. Darwish: Review of Polarization Observables in Inaem Pion...

photoproduction from the deuteron in the energy regionthe neutral channel at forward angles and low energies.
from r-threshold up to theA(1232)-resonance with The contributions of separate channels to the GDH
inclusion of allleading TNN effects. Formal expressions integral are evaluated by explicit integration up to 350
for polarization observables are derived and described byvleV. A total value of the GDH integral of
various beam, target and beam-target asymmetries foka>h\ . (350 MeV) = 4129 ub has been computed
polarized photons and/or polarized deuterons. For theafter including FSI effects. A large positive contribution
elementary pion photoproduction operator on the freeto the GDH integral came from the®-production
nucleon, a realistic effective Lagrangian approach is usea¢thannel whereas the charged pion channels gave a
which includes seven nucleon resonances, in addition taegative but — in absolute value — smaller contribution to
Born and vector-meson exchange terms. The interactionthe GDH integral.
in the final two-body subsystems are taken from separable
representations of realistic potentials. Results arengive ~ We have also studied the influence of the elementary
for the unpolarized cross sections, the doubly polarizedbperator on the unpolarized cross sections, polarized
cross sections for parallel and antiparallel helicityesgat cross sections, spin asymmetries, and GDH integral. All
the linear photon asymmetry, the double polarizationobservables, specially the spin asymmetries for both the
E-asymmetry, the vector and tensor deuteron asymmetrieseutral and charged channels, are found to be very
for the yd — mpp, yd — m'nn, and yd — m™°np  sensitive to the elementary operator. In many cases the
channels. Contributions from various channels to the spirdeviation among results obtained using different opesator
asymmetry and the GDH integral are evaluated by explicitis very large. It is shown also that the proce$g, m)NN
integration up to a photon lab-energy of 350 MeV. The can serve as a filter for different elementary operators
sensitivity to the elementaryN — 7N operator of the  since its cross section and asymmetry predictions show
results has also been investigated. very different values when one varies the elementary pion
Within our model, we have found that the inclusion of production operators employed.
FSI effects is important for unpolarized cross sections. It
leads to a reduction (an overestimation) of the total cross The GDH integral is found to be an excellent
section forr® (7t%) production.niN-rescattering appears observable to discriminate among different elementary
to be less important compared to tNéN-rescattering in ~ pion production operators. We obtain quite different
both neutral and charged channels. Compared toalues for the GDH integral for the MAID and the ELA
experimental data, we have found that the sizeablemodels, in spite of the fact that their predictions for the
discrepancies without rescattering are largely reduced ana® — g” observable seem similar (see Fig2)). Due to
that a quite good agreement with the data is achievedan important cancelation of the contributions below and
With respect to the ChPT prediction from Re#9[ for above a photon energy of 260 MeV the pionic
the total cross section af' production nearr-threshold,  contribution to the GDH integral up to 350 MeV
we have obtained good agreement when FSl is included. computed in this work gives 42ib, what is relatively
For the polarized total cross sectioa§ and o as  small compared to other contributions. The rest should be
well as spin asymmetrg” — o”, we have found that the either coherent pion production or two-nucleon break-up
influence of FSI stems predominantly from [24].
NN-rescattering, whereasrniN-rescattering is much
smaller and appears only io” close torr-threshold. In Finally, we would like to point out that future
the neutral channel, we have observed that FSI effectamprovements of the present model (in particular, its
lead to a strong reduction of the spin asymmetry and thaextension to higher energies) can be achieved by
oF is larger tharo™. In charged channels, we have found including the next leading correction from the
that FSI effects appear mainly af* nearr-threshold. We  intermediateNN, NN*, andNA interactions. Polarization
have also found that® — o” starts out negative due to observables in general constitute more stringent tests for
the Eg. multipole, and has a strong positive contribution theoretical models due to their sensitivity to small
at higher energies due to thvy . multipole. amplitudes. At this point, a much needed measurement on
The results of spin asymmetries are found to be verythe deuteron spin asymmetries will certainly provide us
sensitive to the FSI effects, in particular in the case of thewith an important observable to test our knowledge of the
m° production channel. We have compared our results tgpion photoproduction on the neutron process and, hence,
the presently available experimental data. A qualitativeto provide us with valuable information on the neutron
and quantitative agreement with the dat&&edsymmetry  spin asymmetry in an indirect way. An independent test
from LEGS [14] are obtained after including the FSI within the framework of effective field theory will be also
effects. With respect to the prediction without FSI of of great interest. Moreover, the formalism can also be
Lee-Sato $1] for the Z-asymmetry of m -production extended to investigate polarization observables of pion
channel, good agreement is found too. Regarding theslectroproduction on the deuteron where the virtual
results of the E-asymmetry, qualitatively a similar photon has more degrees of freedom than the real one.
behavior for all channels is found. We have also foundTherefore, it can be used to explore the reaction more
that the influence of the FSI effects is strong, especially indeeply.
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