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yD— #=°D reaction in the threshold region
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Coherent pion photoproduction on the deuteron is studied in the threshold region spanning photon lab
energies from threshold at 139.83 MeV to 160 MeV. Unlike previous similar calculations which used the now
obsolete value for the-wave E,, multipole, our work relies on the latest information on the elementary
amplitudes which are in excellent agreement with recent precise data gipther’p reaction. We compare
the exact treatment of pion propagation against various approximations often used in the literature and their
impact on the very important pion rescattering contribution. We have investigated the sensitivitydd the
— a°D cross section to various choices of the values of the elementary multipoles and in particular the neutron
s-wave amplitudeEgin. The Fermi motion, corrections due to the boost from the nucleon to the deuteron
frames as well as the deuter@nrstate are all taken into account. The predicted total and differential cross
sections are compared with the very recent experimental data from the Saskatchewan Accelerator Laboratory.
[S0556-28188)02609-7

PACS numbgs): 25.20.Lj, 13.60.Le, 25.16:s, 11.80.La

I. INTRODUCTION pion can interact with nucleons in the deuteron. In fact the
importance of this rescattering effect has been recently con-
The determination of threshokd andp-wave amplitudes firmed within the framework of ChPT. Its magnitude at
describing pion photoproduction from nucleons has recentlghreshold can be as large as six times the impulse contribu-
become a topic of increased interest. It took over a decade tioon [6]. While ChPT is now believed to be the proper frame-
unambigously determine thg-wave amplitudeEgj0 from V\{Ork for pion-nudeoh and pion-nuclei processes, it.is a non-
threshold#° photoproduction experiments on protons. Thelrivial task to apply it above threshold and in particular to
currently accepted value has been “measured” indepenf-eW'bOdy systems. Moreover, one must also unde_rstand the
dently by two laboratories giving-1.32+0.08 [1] and energy dependence of the multipoles as one dewates_from
—1.31+0.08[2] in the standard units of I6/M ., (units threshold. For example, the strong energy dependence in the

0

will be suppressed from here priThese results indicate a E57 amplitude has a cusplike structurg] which can only
suppression of the cross section by nearly a factor of 4 age observed as the charged pion production threshold is
compared to the value anticiptated from the classical lowcrossed. A similar effect should be seen in E{;{[O ampli-
energy theoremé ET). A theoretical explanation based on tude and could be even more pronouced if this amplitude is
chiral perturbation theoryChPT) was put forward by the as large as predicted by ChPT. Currently, no theoretical cal-
BKM Collaboration[3] showing that the classical LET are culation incorporates these effects. Furthermore, just above
incomplete. There a one-loop calculation up to and includinghreshold othep-wave multipoles start to contribute. It has
orderO(q*) givesERT = —1.16 compared with the classical been pointed ouf3] that thesep-wave multipoles are of
LET value of—2.47. However, an important issue regardinggreat interest as key low energy tests of ChPT. We should
the convergence of the loop expansion has yet to be adso point out that in most of the above-threshold calcula-
dressed. tions the double scattering diagram was evaluated using the

A crucial question remains concerning the value for thefactorization ~approximation whereby the intermediate
neutron amplitudeESZo. Theoretically, the situation for this nucleon. momenta are f'X.Ed' While .th's eliminates a time

consuming sixfold integration the validity of the approxima-

amplitude is the reverse of what occurred for the proton,

Namely, the classical LET predicts a small value of 0_5f[|on is not well founded. One of the aims of this work is to

while ChPT gives a relatively large value of 2.13, i.e., chprinvestigate the model dependence of this assumption.

: ; . : On the experimental side, data is now available from the
redicts 16 times more cr ion than the classical LET, ' ) i
predicts 16 times more cross section than the classica Saskatchewan Accelerator Laboratory for differential and to-

. . . 0
Unfortunately the experimental determinationEff7 must 5] cross sections for the coherent channel at photon lab en-
rely on targets with mass number greater than or equal to %rgies from near threshold up to 160 M§8]. Experiments
the simplest being the deuteron. It becomes important thergye aiso planned at the Mainz Microtron to measure neutral
fore to determine the model dependence in the attempt tgjon photoproduction on deuterium including the break-up
extractEgT from the data. channel.

Earlier investigations of coherent threshold pion produc- Our paper is organized as follows. In Sec. Il the formal-
tion on the deuterof4,5] have shown that the impulse ap- ism used for the calculation is described. First, the scattering
proximation is not sufficient but that one must also take intooperators including both impulse and rescattering terms are
account rescattering effects. That is, after being produced theerived. Input to these equations consists of the elementary
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tering diagram with great care before any meaningful infor-
mation on the neutron amplitude can be extracted.

A. Kinematics, matrix elements, and cross section

The deuteron scattering amplitude has the following two
pieces:

F(yD— D) =FSS+ FPS, 1)

where the labels SS and DS stand for single and double
scattering contributions, respectively. They are given by

. G
;f35=2f cs&pg( p— 5) Fyx(Pon,a,af)

. Qi) -
XWp p—g')dp. )
-, s
fDS:_Z(ZW)ZJ CDS\PE} p +E fWW(Pl;N’q#'I’q';L)
2E,,

X(q%z—Eﬁﬁie)}—W(Pl;N af,af)

XWp| p——|dp'dp, 3)

i
2

(b)

with E,=vq3+M2 and M,=M_+, the charged pion
mass. The amplitude®, , and 7, are the pion photopro-
duction and pion-nucleon scattering elementary operators
and will be discussed in the next section. The coefficients
CSS and CPS come from our choice of normalization of the

operators for pion photoproduction and pion-nucleon scatter:

ing. These are reviewed along with the required boost relar_eactlon amplitude and are given by

tions. In Sec. Ill, we examine in some detail the double scat-
tering diagram. We compare the results based on the CSS= | /M'
factorization approximation, often assumed in the literature, HoyN MmNy
with the numerical calculation of the sixfold integration. Sec-
tion 1V opens with a discussion on the threshold deuteron opMorD POpPY
. DS__ YD m _a B
amplitudeEy [6] that has been recently extracted from ex- C= Hap= (4)
periment 8] along with a comparison with the recently com- p
pleted ChPT calculatiof6] which is strictly valid at thresh- i
old. The remainder of the section deals with the region abovgvgtienre N%6nNgng%eagﬂtwgiIr?beIionnuC,léir?ellévihtthk?nre)rrgg?cs
threshold and numerical results of the unpolarized cross sed@ting plon, an going pion. :
. X . are shown in Fig. 1. Our expressio(® and(3) agree with
tion are presented and compared with experiment. A Sumt'hose iven in Refl9]. The Fourier transform of the nonrel-
mary and conclusions are given in Sec. V. 0se 9 i X . . .
ativistic deuteron wave function with suppressed spin projec-
tion quantum index is written as

FIG. 1. Single(a) and double(b) scattering diagrams for the
+D—#°+D process with all momenta defined in th® c.m.
frame.

1
Iulelu“ﬂ'lelu“ﬂ'mNzlu“ﬂ'sz

II. FORMALISM

1

. . . . R 1 .
The reaction mechanism of the scattering amplitude for Vo(p)= = Uo(p)— ﬁsn(p)uZ(p) X%/u (5)

coherent neutral pion photoproduction on the deuteron is de-
scribed as a sum of single and double scattering terms as
illustrated in Fig. 1. The rescattering process is mediated byhereS,, is the tensor operator

a pion exchanged between the two nucledfig. 1(b)] and

turns out to be a very important correction to the impulse S1(Pp)=3(a1-P) (02 P)— (01 02). (6)
approximation[Fig. 1(a)] [4]. The reason is that in the

threshold region the charged pion photoproduction amplitudéll calculations done in this paper use the Paris potential
is an order of magnitude larger that the corresponding neutrdll0] to generate the deuteron wave functions. Teand
pion production amplitude that enters the single scatteringp-state wave functionsi, and u, are related to the corre-
diagram. Therefore it is crucial to examine this double scatsponding standard spatial ones by



PRC 58 yD— 7°D REACTION IN THE THRESHOLD REGION 1779

(7) section and compare with the available experimental data.
One can now carry out the appropriate algebraic manipula-
tions to obtain the coherent c.m. differential cross section:

2 (o In this paper, we shall focus only on the unpolarized cross
u(p)= ;fodrrh(pr)ul(r)

subject to the normalization condition

» do 1 Iﬁfl P
J [uo(P)?+uz(p)?] p?dp=1. ) dQ)Cm 3 |<ji|MfE,Mi i (10
0 m.

R . . where M; ,M; are the initial and final magnetic quantum
We have defined*=(q,q;).a¢=(a?.qs), P=(P?,P;),  numbers of the deuterdsee Eq(5)] and the photon helicity
and P;’“z(P?,ﬁf) as the four-momenta of the incoming pho- is chosen to be. =+ 1. The matrix elements corresponding
ton, outgoing pion, the target, and the recoiling deuteronfo A=—1 are related to the =+ 1 by parity conservation in
respectively. We work in therd center of momentunic.m)  the following way:
frame and all the external particles are on their mass shell so

N = _ AN)=(— 1+ N+ M;—M¢ B B -\). 11
that_qf=|Gl, af= Va7 + M2, PP=VETAME, and P Fug M=) P (20 D

= \/ﬁfz+ Mg. In additionE., denotes the incident photon lab Furthermore, helicity conservation require that the matrix el-

energy andV,p =W, _p= \}Md2+ 2Mg4E, is the total energy ~ements must vanish in the forward and backward directions
in the yd c.m. frame. unlessM;=M;+ \. This provides an additional check on the

We shall now discuss the kinematics involved in eachnumerical integrations.
diagram using the spectator-on-mass-shell prescription
[5,11] and assuming an average nucleon masblof (M, B. Elementary operators
+M,)/2. For the s_lng_le scattering dlagrg[rmg. @] the There are two elementary processes needed to evaluate
spectator nucleon indicated by a cross is on-shell Wih  he T matrix for coherent pion photoproduction on the deu-
=(VM2+p?,—p). The active nucleon is off-shell and its teron, #N— «N and vyN—aN. Since we are mainly con-
four-momentum before being struck by the the photon iscerned with the threshold region, orgy and p-wave ampli-
ph= (piO_ pS,—éi+ 5)_ Note that the relative momentum of tude§ will be considered. This' is a good approximation sincg,
the nucleons inside the deuteron in the initial statefg ( 25 Will be described shortly, it reproduces the recent experi-

R - N - mental data on the proton. The isospin structure of the el-
—P2)/2=—qi/2+ p rather tharp. The total four-morpentym ementary amplitudes is written in the usual form
available to theyN subsystem isP‘;N=(;2)2+q?2,pl+q2i .
~P) ang_s jvanant mass iSa-Won o M Fou=Fi boat Fo) Sl mal + Filmy, - (12)
—2W,p VM5 +p-. In the double scattering diagrafiig.
1(b)], the on-shell nucleons have four-momenad 1
=(VM3+p.%,—p) and pi*=(YM;+p;?p’). The four- Fon=F i Goat Fir 5[ 70, 7al, (13)
momenta of the off-shell nucleons are then determined
through energy-momentum conservation and givenplly —wherea,b label the Cartesian isospin indices of the incom-
=(Pi0_Pg,—Qi+P) and ps*=(P{—pi® —ai—p). The ing and outgoing pions, respectively, amdare the S(R2)
expression for the pion propagator can now be rewritten asPauli matrices. Because the deuteron fias0) the relevant

isospin structure of the elementary operators bec

Q- BT G-M2, ah=Wo—VPEEME =) and =)0 -2F )R for the
single and double scattering diagrams, respectively. The op-
~\Vp'EMZ  G.=p-p. (9 eratorsF'?) andF{%) can be decomposed with the following

general spin structure in theN c.m. frame:

It is important to note that the pion propagator contains sin-
gularities atq?nz *+E,, and a proper procedure is needed to
evaluate the six-dimensional integral given by E8). This

will be discussed in the Appendix. The total four-momentum

ilabl he yN N fn=(p3 2 i
ava(; able to t 57_ e}(r)\d o sy/bsystemsl ard% (p_l eratorsk,M andL,N are related to the standard CGLN am-
+0i,p) and Poy=(pz +4dr,—P’) respectlvelyz. The2|n— plitudes [14] for pion photoproductionF;_, and pion-
variant masses ate then given bny:WyN:WyD nucleon scattering, _, by the following relations:
+M2-2W,pM2+p?  and s =W2 =W25+ M2

Fo=ig KO+L@  FO=ig. M@+N, (14

with a being the isospin indexH),(—), or (0) which will
be suppressed from here on unless stated otherwise. The op-

—2W,5VM2+p’2. Other prescriptions to determind. L=q;-(qi Xa")F, (19
have been discussed by Wilhelm and Arenhog¥2] and by I
Breitmoser and Arenhoevdll3]. However, these authors N=fi+q;-qifz, (16)

discuss only single scattering diagrams so that the effect of _ o NN R
the various prescriptions on double scattering diagrams isK=(F;—q;f-q;F,)a*+q;-a*q (F,+F3)+qf-a*q/Fa,
unclear. (17
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N = a* « G*f (18) TABLE I. Parameters for the-wave multipole for various theo-
f P2 ries (see text for details They are expressed in the standard units of

, I 1073/M .+
where we have defined the vectare*—q; - €*q’/q’? so il

that the photoProgugtion operator is now explicitly gauge ag a, a,
invariant. Heree*,q;" ,q; are the photon polarization and the pa® na° pa° nao pm®  nad
initial and final relative momenta in the pion-nucleon c.m.
frame. Note that at N— 7N vertexﬁi is the photon mo-
mentum whereas ataN— 7N vertexdi is the incident pion
momentum. The superscript star is used to avoid confusion
with the corresponding quantities in thé c.m. frame. If

only s- and p-partial wave amplitudes are retained one has |ar amplitude. However an inspection of Table Il reveals that

ChPT —0.13 332 —-460 -—-460 383 444
—-0.20 235 —-460 -460 380 4.30
—104 180 —-460 —-460 374 425

- - B ey e =y there are considerable differences in this amplitude as pre-
Fyz=lo-a’H;tiqi-a’o-q7 Hptigi-a“o-qiH; dicted by the three theories used here. This is one of the
ey e motivations for performing an accurate measurement of

+ai - (97 xa’)Ha, (19 p(y,7%D near threshold. However, as we shall see, the

e . threshold cross section is dominated by the double scattering
Frr=10-0; X0{G1+G, (20 diagram Fig. 1b) and uncertainties in the calculation of this
term may mask th&{") dependence.

As one moves away from threshold it is important to in-
clude the effects op-wave multipoles as well as energy-
dependence of the-wave amplitudes. To describe the en-
ergy dependence of the protsrwave multipoleE,, we use
the parametrization of Ref17]

with

H1=Eo++ﬁf*~ﬁi*p1, Ho=p,, H3=0, Hy=ps,
(22)

G;=0, Gy=a,+bdi-qf. (22

Eo.=ag+a (W2—W2)/(2M\M o) +ia,q, /M .

The p; are connected to the standgrdvave multipoles by (25)

p1=3€rs+tMmy,—mg_, Po=3€ —my +tm_,  p3
=2my, +m,_. The P-wave amplitudes as defined in Ref. perew, =M+ M o is the threshold c.m energy,, is the

[3] are related to ours simply b§;=q; i p; . The quantities N ¢.m. momentunicontinued to nonphysical imaginary
ay andb,y are the usual scattering lengths and volumesmomenta below the charged pion threshpldnd a; are
respectively. Finally, our elementary amplitudes are normalgnergy-independent parameters. The last term is related to
ized so that the differential cross sections in thewucleon he rescattering of the pion before being emitted and is re-

c.m. frame are sponsible for the cusp effect. In this low-energy regiag,
N can be well approximated by a product of thél scattering
d_‘T( yN— 7N) = q_f|]—_- 2 (23) lengtha,.y (values used are discussed bel@and thes-wave

dQ Ty

charged pion electromagnetic production amplitége :

d—a(wN—wrN): | F ol ? (24) 8™ =2, 0ENT M+, @)™ =a, 0ERT M.
dQ e (26)
where the overbar means that we need to average over tfigne parametea, has been evaluated using the experimental
initial and sum over the final spins. _ scattering length§l8] a, - o= —awmo:—\/iagf,\,) (see be-

_In order to illustrate the model (_jependence of this Calcu]ow) and {ng ,ESI_}={28.2,—32.7},{28.0,—31.7},
lation we use elementary production amplitudes from thre?27 51-31.28 in units of 10°%/M - for ChPT, DR, and
theories. These are the effective Lagrangian appréath) o ; i P

: ) . ) ELA, respectively. The parametex, is then obtained by
[15], chiral perturbation theoryChPT) [3], and dispersion ; S i
theory(DR) [16]. The ELA model gives the “classical” val- evaluating Eq(25) at threshold and equating it to the thresh

ues for the proton and neutron amplitude alluded to in th old value ofE,, predicted by the theory in guestion. Note

Introduction supplemented by corrections due to resonanc hat the term proportional te, vanishes at threshold. The
pp y arameter, is determined by the experimental slope of the

exchanges. DR and ChPT nearly agree in the threshold pr real part ofs-wave multipole past the cusp. Note that this

0
ton amplitudes, givingE§T =—1.22 and —1.16, respec- procedure produces differeag anda, for each of the three
tively, which are more compatible with the measured valugneories but the same, . Table | lists the resulting param-
of —1.3[1]. On the other hand their neutron amplitudeseters for the three cases while the results of the fit are dis-
differ, with E§7 =1.19 in the case of DR compared to 2.13 played in Fig. 2. Clearly, the energy dependence is well re-
in the case of ChPT. For near threshold production from theproduced for ChPT and DR theories but not so well for the
deuteron the relevant quantity in the single scattering term ig| A model due to its large value ﬁgzo at threshold.
the isoscalar amplitud&S’;) = (ER™ +EL™)/2. We should Given the fact that the values fay, are not that different
point out that previously most calculations of this sort havefor p7° and n#° channels, one might expect the same to
used the classical LET values of abeut-1 for the isosca- hold for a;. In order to make a prediction of the energy
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T4 => T4p yen => 740 TABLE II. Thresholds- and p-partial wave amplitudes used in
Foo T L the yD— D analysis.
* Disp. Rel. EGY p}") ps" ps"”

Units 103 M_f 103 M} 103M 2 103 Mm?

. ChPT  +0.485 +8.87 —9.68 +11.28
T DR -0.015 +9.08 —10.04 +10.00
= ELA —0.690 +9.98 —10.16 +12.00
=
g

170 MeV. Also shown by a dashed line is the prediction for
the neutron target where the cusp structure is more visible. In
. R, Fig. 4, we show the corresponding angular distributions for

BT L various photon lab energies and again the agreement is very
3: oo ; good. This figure also illustrates the importance of the en-

: - < ergy dependence of tewave multipole. A constarg-wave
2 - s S multipole set equal to its threshold value results in the

- - W/&/ »»»»» W%?cuo\oo;j dashed curves. The importance of including the energy de-

e pendence can clearly be seen especially around the charged

pion production threshold.

Finally we discuss the parameters used to describe the
7N to 7N vertex. The pion-nucleors-wave scattering
: lengths are obtained from a recent experiment on strong in-
- teraction shifts in pionic hydrogdri8]. Due to the smallness

] - of the isospin even scattering Iength&”, there are still

e e uncertainties surrounding its values which can range between

E, (MeV) E, (MeV) 3 and 8<1073/M .+ [19]. Our results are not sensitive to the
value ofal}) due to its smallness as comparedafq) . The
effect of thep-wave rescattering, i.e., the contribution from
scattering volumes, was shown by Koch and Wolospjin
to amount to less than 3% and therefore we have neglected
it. Furthermore they also concluded that multiplevave res-
catterings can be ignored since they are suppressed by the
factor a,n{1/r). For the purpose of the present work we
for both the proton and neutron target as well as for all theo-ShaII neglect all these higher order rescattgr\?i‘ng effects. We
ries. This leads to our predictiofdashed lingin Fig. 2 for have as§L31med the centra(l+\)/alueszfzt)3.0>< 10 /MW" and
the s-wave multipole for theyn— 7n reaction compared to 96-0<107/M . [18] for a;y anda;, respectively.
the correponding calculation of dispersion thedsmpty Finally we note that in order to use the multipoles as input
circles [16]. We also display the results for ChPT and ELA
with solid and dotted lines, respectively. It is expected that
the simple cusp function as given by Eg5) is in agreement
with the sophisticated dispersion calculation for both neutral
pion photoproduction channels. As can be seen from Fig. 2
the main difference between various theories is the thresholc
value, especially in the case of the neutron target. It is worth
emphasizing at this point that the samgenters the rescat-
tering diagram of Fig. (b) involving two nucleons(two-
body rescatteringand the rescattering term appearing in ©
Eo. [Eg. (25] involving only one nucleorfone-body rescat-
tering). Therefore, the two rescattering corrections should be
treated consistently.

As mentioned above, the contribution pfwave multi-
poles becomes more important necessitating their inclusior
as the energy increases. Table Il gives the values of the isos
calar threshold multipoles for the three different theories
considered in the present work. Figure 3 compares the cal- F|G. 3. Total cross sectiofsolid curve for y+p— m°+p re-
culated total cross section using the ChPT set with the recemtion for photon lab energies from threshdig=144.66 up to
experimental total cross-section d&fd. One observes ex- 170 MeV. The dashed curve is our prediction fotn— 7°+n.
cellent agreement over an energy range from threshold, cofFhe experimental data are for the proton target measured at the
responding to a photon lab energyf=145.7 MeV, upto  Saskatchewan Accelerator L&b.

ReE,, (10°/M,)

FIG. 2. Energy dependence of tisewave multipoleE,, for
both proton targefleft pang and predicted neutron targétight
pang. The upper(lower) panel are for the imaginaryreal) part of
the amplitude. The data is taken from Rf]. The different curves
are for various theories as discussed in the text.

0 .
dependence dEg7 we therefore assume that is the same

_ :

=) :
= z
5
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FIG. 4. Differential cross section fofy+p
— 7%+ p reaction for a selected set of photon lab
energies. The dashed line is the result of ignoring
the energy dependent cusp effect.

000 L v b v e b el I J0.00L|||ll|ll||
0

30 60 90 120 150 180 0 30 60 90

0 (deg)

to the deuteron calculation, one needs to boost the elemen-
tary operators to the—D c.m. frame where the observables
are calculated. The relevant Lorentz transformations are

d)i*:ai—i_fils'yN! (27)
g; =as+ P, (28)
5*:g+(g'ISyN/WyN)[ar/in*+ﬁyN/(P3N+WyN)]1
(29
ai'lsyN 0
fim| —— N 0 |IW,y, 30
i ((P?,N+W7N) q|) yN ( )
af'F_s'yN 0
ff:<—_q >/W : (31)
(PO H+W,) )"
A7 = (AP —Cli- Pyn) /Wy (32

0 (deg)

G
150 180

Ill. EFFECTS OF FERMI MOTION
IN THE PION PROPAGATOR

Written out explicitly the denominator of the DS term in
Eq.(3) is

D=q0?—E2=[W,p— Vp?+MZ— p' >+ M2~ (p—p')?
—M2+ije. (33

This denominator requires an evaluation of six-dimensional

integrals overdpdp’. The numerical method adopted for
this is discussed in the Appendix. Here we want to compare
the direct evaluation of this integréleferred to as exacto
approximations used by others which reduce the dimension-
ality of the integral. These approximations basically amount
to various approximations for the nucleon kinetic energy in
D. The further neglect of momentum dependence of the op-
erators and/or the use of simplified deuteron wave functions
allows some of the integrations to be done analytically. Thus
Lazardet al. [20] in one case simply set these kinetic ener-
gies to zero. We refer to this as case 1. In another approxi-

Similar expressions can be obtained for the relative momentmation which we refer to as case 2 Lazadal. [20] and

in the #N— N channel with the obvious replaceme?f
—PEy-

more recently by Garcilazet al.[11] considered the follow-
ing replacement:
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0IO v v i Od6 e L

FIG. 5. Sensitivity of the differential cross
section y+D—7°+D to the treatment of the
pion propagation for various photon lab energies.
The data is from the Saskatchewan Accelerator
Lab [8]. The curves correspond to the ChPT set
for the elementary mulipoles with soligxac},
dotted (case 1}, dash dot(case 2, dashed(case
3).

do/dQ (ub/sr)

z
Qoo L v Lo o b b e b b d 0.00|__||I||I||I||I|‘I||_I_
0 30 60 90 120 150 180 0 30 60 920 120 150 180
0 (deg) 0 (deg)
_ _ 1. 1. the DS integral, an observation made earlier bjdFg22].
P+ M2+ \p 2+ M2 Zqi2+ M2+ qu+ M2, All results given later in this paper use the exact treatment of

this term.

The approximations in cases 1, 2, and 3 above are all
based on assuming that the kinetic energies of the nucleons
We denote as case 3 the approximation used by Koch an%Ppearing IrD can pe re_placed by some effective vglues. I,
Woloshyn[4] and more recently by Tiator, Bennhold, and as a further approximation, the elementary scattering opera-

; tors are assumed to be independent of Fermi momenta then
Kamalov [21] where bothp and p’ are replaced by . the resulting approximation is referred to as a factorization
=150 MeV. Using the ChPT set of the elementary ampli-50oximation. This approximation allows the amplitude to
tudes(see Tables | and )| the results of these various ap- e \written as
proximations are displayed and compared with the p&itan
Fig. 5. One observes that cases 1 and 2 consistently give a
larger cross section at larger angles, especially near threshold
energies. It is interesting to see that case 2 reproduces the
data rather well for the three lowest energies. As will be

(34

Fio=2Cs | WiOIF (P17 e

discussed in Sec. IV, the data for the three lowest energies +2Cscdf v (FHF)
can also be described using the exact treatment and the DR e
set for the amplitudes. This indicates that a proper treatment —2]-‘;‘)]-‘(;))‘1’(,(F)f(r)e"-".p’zd‘?ra. (35)

of the pion propagation is necessary in order to extract reli-

ably the neutron amplitude. Case 3, on the other hand, lies

above the exact curve at small angles and then falls below it o S .

at larger angles, except at the lowest energy where it is belo ere \Ifd(r)_)|s fh_e deuteron wave function in coordinate
the exact curve for all angles. Thus the calculated cross se§Pacefn=d;—ds is the momentum transfer to the deuteron,
tion is sensitive to the method of treating the denominator irandt,=q;+q;. The functionf(r) is defined as
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eefl/r  q2>0 TABLE IIl. Effect of Fermi motion on|E4| for ChPT and DR
f(r)= 2 (36)  parameter sets.
ef‘qeff‘r/r qeﬁ<0,
2 02 5 . . ) . Case ChPT DR
whereqgs=0d,, — M7 . The remaining kinematical quantities
are Exact 1.25 1.63
1 241 2.79
W,y | En(d)Ep(dy) 2 151 1.88
Cs= = — 3 1.05 1.43
Wyo V En(@i/2)En(at/2)
Wan Il then E4 for the ChPT parameters goes frofn0.375(no
Co= = ~ 37 boos) to +0.246 (boost on. Similarly the DR parameters
\/EN(Qi/Z)EN(Qf/Z) give E4 from —0.012(no boos} to —0.144. The magnitude
_ - - of the boost effect is similar to that found in Refd] and
with W5 =W_p=E,(q;) + Ep(q;) and [22]. Notice again the opposite signs between the ChPT and
W2 W2+ M2 — 2W. M2+ a2/ 38) DR values of the SS contribution &y caused by their very
N D TN D VMINT i different predictions foEJT . If one next incorporates both
)
W127N:W§7D+M§_2W7TD Mﬁ,+q?/4. (39) the energy dependence and the boost E&d , then the

values forEy become 0.145 and 0.235 for ChPT and DR,

We have used these approximations mainly as checks on ttigspectively. We shall see that although the DS term domi-
accuracy of the multidimensional momentum space integrahates the value oEq4, these two different SS contributions

tions. will lead to an overall difference of about 25% in their pre-
dictions ofE4.
IV. RESULTS AND DISCUSSIONS Apart from its sensitivity to the method of treating Fermi
motion the DS term depends nearly linearly on the
A. Threshold al) N scattering length due to the relatively small con-
Referencd6] quantifies the threshold cross section by thetribution of the #°-N and p-wave rescattering processes.
numberEy defined through Both ChPT and DR predict nearly the same values for
charged meson production so that they yiedewave deu-
, 3 ;| dor teron the same value of-1.28 for the DS contribution to
Ed:§ |g,/de] - (40 E4. Adding the SS and DS contributions together we obtain
g arl—0 the s-wave deuteron values fdEy of —1.14 for ChPT and

—1.52 for DR.

Finally our complete calculation @, results from turn-
ing on the deuterord state and incorporating the energy
dependence (fgt). Table IIl displays these results for the
ChPT and DR parameter sets as a function of the technique
i i employed for treating Fermi motion in the rescattering term.

Ed:—fo,—lziﬂ,o- 47 Note that what we have actually calculated in this table is

2 |Edl=VZm, M| Fu, ,Mi|2/2. As mentioned previously the

We note that the equalitf, _ ;= F3 o no longer holds if the threshold cross section is not determined by a single matrix
deuteronD state is added and there are nucleon momenturglement when both thB-state and Lorentz boost terms are
terms arising from the Lorentz boost. Nevertherless a reasopresent. Not surprisingly the results are consistent with the
able understanding of the main physics determirfiqgcan  141.7 MeV cross section shown in Fig. 5, i.e., that case 3 is
be obtained by looking at a purs-wave deuteron. Our the lowest and case 1 is the largest. The important observa-
s-wave deuteron results are simply obtained by turning offtion is that the approximately 30—40 % difference between
the d-wave in the wave function, i.e., wi® not renormalize the ChPT and DR sets is due solely to their disparate values
the s wave to unity. We consider then the SS and DS con-of Egzo, Beaneet al. [6] calculateE4=—1.8+0.2 using
tributions toEy. chiral perturbation theory for the kernel sandwiched between

In the case of the SS contribution Ey one could delin-  phenomenological deuteron wave functions. Our single scat-
eate the various effects which determine its value. Thesgering contribution is similar to theirs with the following ex-
would include(1) the energy dependence B 1), (2) the  ceptions:(i) they do not incorporate energy dependence into
p-wave contributions induced by the Lorentz bod8, the  E{}) and (i) their estimation of the effect of the Lorentz
treatment ofV, in the boost factors Eq$30)—(33), and(4)  boost appears to disagree with ours and that of off#e2s)].
the influence of the deuterdd state. We leave this degree of However, we can reproduce the value of their single scatter-
detail to a later paper and for now just summarize the maifing contribution toE4. The double scatteringabeled three-
effects. Clearly the value d&{" is crucial for the SS term. body contribution in Beanet al.[6]) contribution as calcu-
However, so also is the effect of the Lorentz boost. Thus iflated by us is phenomenological based on the works in Refs.
we use energy-independent valuesEgt’ as given in Table [4,5,22,9,1] Beaneet al.[6] have calculated all diagrams to

A recently measured value for this = —1.45+0.09[8]
in the standard units of I6/M _+. In the case of a pure
s-wave deuteron we can relate, ignoring boost effects,
single matrix elemenfy, v to Eq by

Q.
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order four in small momenta with all possible insertions ob- 0.2 . . . T T
tained from the chiral Lagrangian in the heavy baryon for-
malism. Their main contribution, diagram Figb] with ver- - EF140MeV
tices from the leading order— N Lagrangian, gives a value I
of —2.2 for E4 (for S-wave deuteron wave functipnThe
next correction is similar to the diagram in Fighbl except
that the incident photon is absorbed by the propagating pion
It only contributes+0.43 toE4. The rest of their diagrams
which encompass W corrections are about 10% of the
main contribution. Their treatment of Fermi motion seems to
follow case 1(see discussion in previous sectiand it is
unclear to us how such an approximation can be valid given
that a proper treatment of Fermi motion reduces the double
scattering contribution by almost 50%.

)

B. Above threshold

do/dQ (ub/sr

Since photoproduction experiments are done abovez
threshold it follows that any threshold information such as =
the quantityE, discussed above relies heavily on the ex-
trapolation of the data above threshold. This region just o0
above threshold is sensitive to othewave mulipoles and a — — — — —
consistent discription of the low-energy coherent neutral
pion photoproduction on the deuteron must also include the
energy range in the vicinity of the threshold. We recall in
particular thap$™ andp$™ which do not enter the threshold
results do, however, contribute above threshold. Therefore
reproducing threshold parameters does not necessarily mee
that the observables can be described adequately. Before w
compare our predictions with the recent experimental data

q

we wish to recall, as discussed in Sec. lll, that a proper 00 L , , , ) )
treatment of the pion propagation in the double scattering o 30 60 90 120 150 180
diagram is necessary. As shown in the Appendix, the evalu- 0 (deg)

ation of the double scattering contribution can be greatly

simplified if the nucleons kinetic energies are assumed con- FIG. 6. Predicted differential cross section fpf-D— 7%+ D
stant, i.e., ignore their Fermi motion. In what follows we s_howing the effect of th®-state deuteror_l bound state wave func-
shall not make such a simplification and consider the Fermiion- The dashed curve results from turning off testate compo-
effects fully. First, the sensitivity to the deuterahstate nent of the wave functiofwithout renormalizing

component of the wave function is examined. Figure 6 de-

picts the reduced differential cross sections at three photoand 143.7 MeV points should be less contaminated by the
energies of 140,150,160 MeV witsolid line) and without  breakup channel. A careful treatment of the breakup channel
(dotted ling the d-state component. We remark that the  would help ascertain the reliability of the theoretical esti-
State only curve is the contribution from the thetate which mates as calculated in Rd:B] With these Cautionary re-

is 94.2% of the Paris deuteron wave function. The solidmarks on the experimental data we display in Fig. 7 the
curve results when the remaining 5.8% of the wave functiongnguylar distributions at some selected energies for the three
i.e., thed wave, is added in. The effects are unremarkable fokneqries discussed in Sec. Il B. The ELA and DR are shown

the 150 and 160 MeV distributions. However, for the nearby dotted and dashed curves respectively while the ChPT
threshold curve at 140 MeV the effects of the snthlivave

whereE4 was calculated in as wave only model and later

i ) (") multipli ;
the complete model. Closer inspection shows that this sensp—wmpOI.eS Pi P2 ° multiplied by a factor of 1.3.as sug
tivity disappears if the Lorentz boost is turned off. gested in Ref[8]. It is remarkable that such a scaling repro-

We now come to the comparison of the calculation withduces the data across the full energy range while all other
the recent experiment just completed at the Saskatchewdi!"ves fail to do so. If such a scaling were indeed a fact, it
Accelerator Laboratory. Since only® were detected, the Would be difficult to understand since it would imply a dras-
actual process includes both the coherent and breakup chali¢ change of the amplitudeg{”,p$") from currently ac-
nels, i.e.,D(y,7%X. The data shown in Figs. 7 and 8 are cepted values. That is, as can be seen from Table Il the
extracted based on a simple theoretical model for thevarious theories agree to within 5% on these amplitudes.
breakup channel, i.eD(y,7%)np (see Ref[8] for details. Another observation is that DR seem to reproduce the three
We remark that the breakup channel should have no effectew energies rather well which raises the question of whether
at the very low photon lab energies, in particular the 141.%the breakup channel is underestimated in R&f. This un-
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¥ compared with the very recent data from the
- Saskatchewan Accelerator Ld4B]. The curves
correspond to various sets of values for the el-
- ementary multipolegsee Table Il Thin solid
: (ChPT), dashed(DR), dotted (ELA). The thick
7 - solid line is obtained by multiplying ChPT values
" : for p{™,p$" by 1.3.
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derscores the need, as mentioned above, for a full calculation
of the yD— 7°np reaction.
It is useful to recall that the difference among different
e theories ELA, DR, and ChPT is connected with t&f}
/!’,: amplitude since their predictions of all the other remaining
/j '+ mutiploles are within a few percefdee Table ). Therefore
//:j/ ’ the sensitivity seen in Fig. 7 can be ascribed to the different
* 7/ -

P R

157 159

153

155

neutron amplitude used. For example, if we fixed the proton
. 0 .
amplitudeEf7T to the experimental value of roughly 1.3

then using Table Il one obtains foESZ0
2.27,1.27+-0.08 for ChPT, DR, and ELA, repectively. Fi-
nally, in Fig. 8 we show the computed total cross section by
thick solid (thick dasheglcurves for the ChPT parameter set
only without (with) p{*),p$*) scaled as in Fig. 7. Here we
show the magnitude of the single scatterif®5 diagram
with the corresponding thin curves. The scaled total, single
scattering(SS and double scatteringDS), seem to be in

amplitude

agreement with the extracted data with slight deviation at the
high energy end. Obviously, the nonscaled curve does not

as compared with the experimdi®. The thick and thin lines rep-
resent the totalsingle + double and single scattering contribu-
tions, respectively, based on ChPT values for the elementary am-

plitudes. The dashed lines are obtained V\ciﬂﬁ),p(;) multiplied

by

1.3.

come as close to the data.

V. CONCLUSIONS

Coherent7® photoproduction on the deuteron has been

studied including rescattering effects. The Fermi motion has
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been taken into account fully without making use of the so-assume a nonrelativistic nucleon energy which is a very rea-
called factorization approximation or frozen nucleon ap-sonable approximation since most of the contribution to the
proximation. For the elementary reactions, we have assumddtegral comes from the region where the diffrence between
that the process is dominated by only the lowest pasial relativistic and nonrelativistic nucleon energy is less than a
and p- wave amplitudes. The reaction on the proton targepercent. In this case, after a suitable change of the integration
vp— arp is well described and compares very well with the variables in Eq(3), one is lead to evaluate an integral of the
latest data for the total and differential cross sectidijsTo  following form:

study the sensitivity to the neutron amplitude we have cho- L.

sen three theories where the values for the neusrarave DS - ~ F(01,02)

multipole are calculated to be O@LA), 1.19 (DR), and F _f dqlf dq2m’ (A1)
2.13(ChPT), respectively. Our findings can be summarized 20T

as foIIows. (i) The effects of the kinetic energi'es of the with 51:(5,+5)/2 andﬁz:(ﬁ'—ﬁ) and F(ﬁl.dz) can be
nucleons in the pion propagator are found to be sizeable eve§hiained from Eq(3). We have also introduced new func-

at threshold(ii) The D-state mixture in the deuteron bound tisns which depend only on the variahliig and are given by
state wavefunction has also been examined and shown to

affect mainly the near threshold region because of the Lor- 1 5
entz boost(iii) The results seem to be very sensitive to the A=Tauzr B= o291~ WyoMy,
X X

value of thes-wave neutron amplitud SZO. We have com-

pared our results with the very recent extracted experimental 1 ) 5 _

[8] data and found that in order to reproduce the data one C= W{[ql_Mx(WvD_ZMx)] —MMZ} (A2)

needs to increase the values of tpewave multipoles X

p{*),pst) by roughly 30%. This is in major disagreement The existence and location of the poles depend on the inte-

with the current accepted values for these amplitudes. Howgration variableq;. There are four poles but two are the

ever, one should realize that the experimental data on thignage of the other two. The denominator of E41) can be

coherent process is based on a simple theoretical model foewritten as

the breakup channel. Such a theoretical calculation for the

breakup channel needs to be refined before any definite state-

ments can be made. One expects the effects of the breakup

channel to increase in importance with the energy. Such a

calculation may also help resolve the question of why the 5 B— VA

three low-energy data sets below 150 MeV appear to be Uz2=~""5A

more consistent with DR than with the other two theories

examined in this work. The poles are located on the real axis provided the discrimi-
Next, before any reliable statements can be made abowtant A=B2—4AC and u3,us are positive. The rootl, is

the neutron amplitude, one needs to further refine the calcwutside the range of integration and therefore causes no prob-

lation by examining the importance of off-shell effects andlem. The other pole located g5=uj is treated by introduc-

estimate reliably the size of higher order rescattering proing a subtraction function which is analytically integrable

cesses. On the experimental side, we need to separate thad has the same behavior near the pole as the original inte-

coherent and the incoherent production on the deuteron igrand. Using the identities

order to be able to extract the neutron amplitude in an un-

B++/A
D=A(ui-a3)(u3—a3), uf=——53—,

(A3)

ambigious way. Furthermore any polarization data would 1 =—i—775(u Cq,)+P
provide valuable information that may help sort out the im- (Ui—qg5+ie) 2u; -t 92 (u2-q2)’
portance of the smaller imaginary part of the amplitude.
= dg;
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is transformed into

ng(Ql '0d2) — UEG(% ,Up)
(uf—a3)

+Pf qidqlf dag
APPENDIX: THE DOUBLE SCATTERING DIAGRAM (A5)
As mentioned earlier, the rescattering diagram develops

poles atqﬂ; + \/m which implies that the scattering \év:f?rzggb?tands for the principal value. The functi@ is
t

amplitude becomes complex. The imaginary part of the scat-
tering amplitudeFPS has been ignored so far in all near- F(ﬁ a )
threshold coherent® photoproduction calculations on deu- G(ql,q2)=f dQg dQgq % (AB)
terium. In order to evaluate the six-dimensional integral we ' 2A(uz3—q3)
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FIG. 9. P-space (solid line vs R-space
(dashed-ling for the double scattering integral
Eq. (A7).
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The integrals, Eqs(A5),(A6), are performed using Gauss- tions for the simplified case whe[ézqu—qﬁ. Only in this
Legendre quadrature with 15 points for the,q, integra-  special case can one reduce fhepace tor space integra-
tions and 9 points for the angular integratiddg ,(};,. Asa  tions. The quantity that is compared in the figure is

check of our integration routine, we retained Fifq; ,d.)
only the deuterors-state wave function and ignored the el-

ementary transition operators and fhestate wave function. |DS:if Uo(|g1+ (a2 +a5)/2)uo(ar— (g2 0)/2))

The results for the double scattering integral are illustrated in 4 (q?—qg3+ie)

Fig. 9 where we compare the momentum $pace (solid o

line) and coordinate R spacg space(dashed ling integra- xdg,dqs,. (A7)
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