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yd — n'd reaction near the threshold of 5 production
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We consider the reaction yd — 7%d in a wide energy range around and above the n-meson photoproduction
threshold at backward c.m. angles of the outgoing pions. Our theoretical analysis is motivated by the recent
measurements of the CLAS Collaboration at Jefferson Lab, where this kinematical region of the reaction has
been thoroughly studied for the first time and an enhancement in the energy dependence of the differential cross
section in the region of E,, ~ 600-800 MeV has been observed. Our preliminary and qualitative analysis, based
on single- and double-scattering diagrams, shows that the observed structure can be explained by the contribution
of the double-scattering diagram with intermediate production of the n meson. The effect, to a considerable
extent, is due to the contribution of the N(1535) resonance to the amplitudes of subprocesses on the nucleons.
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I. INTRODUCTION

The reaction of coherent photoproduction of the 7° meson
on the deuteron,

yd — 7°d, 60

has recently been studied [1] at Jefferson Lab using the
CLAS detector. The experiment was carried out for a wide
range of photon energies E, = 0.5-2.0 GeV at large c.m.
scattering angles of the outgoing pions. A new phenomenon
was observed.

The process of pion photoproduction on the nucleon yp —
N has been theoretically investigated over a long period
of time (see, for example, Refs. [2-5]). Reaction (1) on the
deuteron also has been considered in a number of papers [6-8].
A through review of pion photoproduction reactions induced in
few-body systems can be found in Ref. [9]. During the past few
years, n-photoproduction processes have also been actively
studied (see, for example, Refs. [10,11] for yp — np, [8,12]
for yd — nd, and [13] for n photoproduction on light nuclei).

The study of meson-photoproduction processes on a
deuteron target provides information about the underlying
reaction mechanisms on few-body systems. Our project has
been motivated by a special interest in role of intermediate
particles in reaction (1).

In the 1970s, the contribution of intermediate particles and
resonances to the differential cross section in backward wd
elastic scattering was theoretically discussed in Ref. [14]. It has
been predicted that the contribution of intermediate particles,
formed in a two-step process, should manifest itself as a max-
imum in the energy dependence of the backward differential
cross section around the corresponding thresholds. Such an
effect, associated with intermediate n-meson production, was
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confirmed by several independent measurements of backward
md elastic scattering [15].

The preliminary CLAS photoproduction data [1] give for
the first time clear evidence for the intermediate 7-meson
effect. A visible excess of events in the region E, ~ 600-
800 MeV, around the n-photoproduction threshold, survives
in the energy dependence of the differential cross section at
large c.m. scattering angles, cos 6 < —0.6. The observed effect
becomes more pronounced as the scattering angle increases.
This behavior was also seen in a previous measurement of
reaction (1) [16] in which a small structure was observed in the
excitation function at cos § = —0.64 (the maximum scattering
angle of this experiment). Reaction (1) was also theoretically
considered earlier (see, for example, Ref. [4]) in the framework
of a single- and double-scattering approach without consider-
ation of the intermediate n meson. A reasonable theoretical
description of the previous data [16] was achieved without the
necessity of inclusion of the “n effect” [4] at low momentum
transfer.

The aim of the present paper is the theoretical study of
reaction (1) at large pion production angles. Our principal
interest is the contribution of the intermediate n meson to
the differential cross section and whether it can explain the
structure in the differential cross section that has been observed
in a recent CLAS experiment [1]. We shall use the standard
approach based on single- and double-scattering amplitudes.
The main contribution to the total amplitude at large angles is
expected to come from the double-scattering terms. We shall
consider photon energies far from the 7 d threshold, say 500 <
E, <1000 MeV, where the influence of the intermediate
N(1535) resonance and the n-meson effect should be impor-
tant, and it is possible to neglect the excitation of the A(1232)
isobar in the intermediate state. Thus, we construct the total
reaction amplitude from terms, expected to be essential, with
approximate values of the parameters. In this paper, although
we do compare our predictions with the data qualitatively
and present all the details of our treatment, we do not
attempt a detailed description of the CLAS data; we leave this
task for forthcoming papers from the CLAS Collaboration.
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This paper is organized as follows. In Sec. II, we derive the
expressions for different terms of the amplitude of reaction (1)
in a diagrammatical approach. In Sec. Il A, we briefly discuss
the main contributions to the reaction amplitude and introduce
the notation that we use. In Secs. II B and II C, we give gauge-
invariant expressions for the resonance and vector-meson-
exchange (VME) contributions to the elementary amplitudes
on the nucleon. These results are used in Secs IID and ITE to
obtain single- and double-scattering amplitudes of reaction (1),
respectively. In Sec. III, we present the numerical results. In
Sec. IIT A, we study the influence of the “nonstatic” corrections
that are taken into account in the double-scattering amplitude
with intermediate 1 production. In Sec. III B, we discuss
our numerical results for the differential cross section (its
energy behavior at several values of cos6) of reaction (1)
with backward 7 production. The conclusion is presented in
Sec. IV.

II. FORMALISM

A. Diagrams and notation

The diagrams for single- and double-scattering amplitudes
M1y and My of reaction (1) are shown in Figs. 1(a) and 1(b),
respectively. The notation for the 4-momentum vectors of the
initial, intermediate, and final particles are given in this figure.
The circles marked by “i” or “j” correspond to the elementary
amplitudes of the subreactions on the nucleons, and indices “i”
and “j” specify the contributions to the elementary amplitudes
considered in the following. In Fig. 1(b), the notation “h”
stands for the intermediate meson. Hereafter, we shall consider
only diagrams with & = 7 or .

The elementary photoproduction amplitude y N — AN is
usually constructed as a sum of Born, VME, and resonance
terms [4,5,11]. The Born amplitudes correspond to a set of
tree diagrams with N Nh coupling and all possible couplings
with a photon, summed by a contact yr N N-coupling term.
It is known that the total Born amplitude satisfies gauge
invariance (see Ref. [4] and references therein). Using Born
amplitudes for subprocesses in reaction (1) on the deuteron,
one encounters the problem of how to get the total gauge-
invariant amplitude. The problem arises from nucleon off-shell
effects, and the way to solve it is discussed, for example, in
Ref. [8] (see also references therein). However, in our analysis,
we shall neglect Born terms in the kinematical region of the
reaction under study.

The resonance and VME terms in the photoproduction
amplitude are shown graphically in Fig. 2, where VME
terms are calculated via p and @ exchanges [4,11]. The
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FIG. 1. Feynman diagrams for the yd —
7% reaction: (a) single scattering and (b) double
scattering.

“meson-meson” AN — mw N amplitudes are written through
resonance contributions (Fig. 3). The main contribution from
an intermediate 1 meson to the cross section of reaction (1)
is expected from the double-scattering diagram in Fig. 1(b)
(h = n), with the N(1535) excitation in both blocks of the
diagram attributed to the large partial width of the decay
N(1535) — nN. Several nucleon resonances [17] are coupled
to the w N system. Also, the couplings of N(1535), N(1440),
and N(1520) to the nN system [7,12,13] are often used in the
production amplitudes. However, in our qualitative analysis,
we shall limit the resonance parts of the elementary amplitudes
(Figs. 2 and 3) to the contributions of the N(1535) in the 7 N
and nN channels and of the N(1440) in the 7 N channel. We
do not include the contribution of the A(1232) isobar since the
considered energies are far above the A(1232) region.
Let us write the total amplitude M, ; of reaction (1) as

My = ZMi,

Mq) = ZMihj» )

ih,j

M,s = My + M),

where h = m, n and index i = 1, 2, w, and p (the same for j)
stands for N(1535), N(1440), w exchange, and p exchange
for the elementary subprocesses, respectively. Note that the
p-exchange term in the single-scattering amplitude M) is
forbidden by isotopic arguments. We shall use standard
normalizations for the amplitudes, corresponding to the fol-
lowing expression of the differential cross section for a binary
reaction:

do k

= M|2. 3
A% m. 647t2sq| | )

Here, |[M|? is the square of the total amplitude, averaged
(summed) over the polarizations of the initial (final) particles;
s is the square of the total c.m. energy; and ¢ with k are
the relative 3-momenta of the initial and final state particles.
In the following, we use the notation ¢;2(x12) for Pauli
spinors (isospinors) for the initial and final nucleons in the
elementary reactions or for the nucleons in the deuteron and
oTp =1(x*x = 1);d = (ao), where a is any 3-vector and o
is a 3-vector from the Pauli spin matrices.

v h -
o - A
= + p,w
N N
FIG. 2. Diagrams of meson photoproduction on the nucleon
(resonance and VME contributions).

035202-2



yd — 7°%d REACTION NEAR THE THRESHOLD OF 5 PRODUCTION

FIG. 3. Diagrams of meson-nucleon binary reactions (resonance
contributions).

In Secs. II B and II C, we give gauge-invariant expressions
for the elementary amplitudes on the nucleon and notation for
coupling constants and other terms that will be used for the
total amplitude M, ; in Secs. IID and IIE.

B. Resonance terms in the amplitudes on the nucleon

To obtain the expressions for resonance contributions to the
elementary amplitudes, let us use the effective Lagrangians for
the tNR, nN R, and y N R interactions:

L.yg = —igzngNTTRm +H.c.,

L,y = —igzngk NTRn +Hec., @
L,k = m}é(kie + kyT3) T NFH

+Hec.  (e/4m ~ 1/137), 6)

r=1, Ly = ¥Y500 (odd parity), (6)

I =ys, L =0 (even parity) (7)

[we use the pseudoscalar couplings in Eq. (4)]. Here, 0, =
(M/Q(yury — vvu)s F*° =0"A —3"AY, N, m, n, A¥,
and R are the nucleon, 5, 7, photon, and resonance-particle
(R) fields; m and mpy are the nucleon and resonance masses;
and kj and kj correspond to isoscalar and isovector
Yy NR couplings. Operator structures in Egs. (6) and (7)
correspond to odd- [N(1535), I(JP€) = (3 )] and even-

[N(1440), I(JFC) = %(%+)] parity resonances R.
Hereafter, we use the photon couplings &, ;, gsi, and g,;,
defined as

8yi=gsit+ gits= (ky + kx3), ®)

where i = 1[N (1535)] and 2[N(1440)] specifies resonances
and their masses m;.

In the following, we use the nonrelativistic deuteron wave
function (DWF) to obtain the amplitudes of reaction (1)
(Secs. IID and IIE). In this connection, we derive the
elementary amplitudes in a nonrelativistic approximation
before they are used to obtain the amplitudes on the deuteron,
leaving the leading terms only with respect to the relative
momenta. The relative accuracy of this approximation near
the n-photoproduction threshold (/s ~ m + m,) is of the
order of g/2m ~ 0.2-0.3 (where g is the photon relative
momentum). Let us introduce some useful notation for the
resonance amplitude A,;, of the reaction aN — R; — bN,
writing it as

Aaiv = x5 T x1 03 So1, T = T, S =S,

©))

PHYSICAL REVIEW C 71, 035202 (2005)

where § and T are spin and isospin operators. Let us first
consider the spin operators, §yih, of the photoproduction
amplitudes. In our approximation, they have the following
structures:
Syin ~ (g0 —eo ), Syon ~ k(g € — qo eo),

where é = (0e),§ = (0q), and k= (ok); k (q) is the c.m.
3-momentum of the final meson (initial photon); g¢ and
e = (eo, e) are the c.m. energy and polarization 4-vector of
the photon. Note that gauge invariance, guaranteed by the
Lagrangian L, yg (5), is obviously valid for the operators
S’ylh and S'y2h~ Hereafter, we shall fix the photon 4-vector
by the gauge condition ¢y = (eq) = 0. Finally, we obtain the
following expessions for the resonance amplitudes A, in
terms of the operators Taib and S‘aib 9):

7Awyin = g}’[a
Tyin = (wT) (i =1,2),
Syon =iCyo Fapk g é,

Tyin = (T)8)i,
Tryiz, = (T27) (M1 T),
S,in = iCyunFiné,

Spix = iChix FinFizl  (h =, 1),
Cyon = gonBW»,
Sion = iChax Fon Farkg,
2m;
s —m? +isTi(s)
(10)

Cyin = g1 BWi2mgqo,
Chix = ig1n81x BW12m,

i
Chon = =— 88 BW1, BW; =
2m

where, in addition to the previous notation, ¢ is the c.m.
3-momentum of the initial photon or meson; BW;, I';(s),
and g;; are the Breit-Wigner propagator, total width, and
coupling constant to the 4N channel for the ith resonance,
respectively; I is the unit 2 x 2 matrix; and Fj; are the form
factors of the strong decays R; — hN. Here, we use the form
factor only for the p-wave N(1440)Nr vertex (F;, = 1 for
other vertices) to compensate for its energy growing in the
region far away from the 7 N threshold. We take the function
F>, = F in amonopole parametrization [see Egs. (11)], which
is convenient for analytical calculations of the integrals in
Sec. II D. The widths I';, coupling constants g;;,, and relative
3-momenta g, (h = m, n) for the decays N(1535) — = N, nN
and N(1440) — m N are connected by the relations

(E + m)qr
DU(s) = i) + Do), T = 3gh - fq
(E +m)CIr] 2 (E —m)qx 2
[y, =g ———11 Iy =38, ——————F"(gx),
117 glrl 4]Tﬁ 2 8271 4ﬂﬁ (q )
A(% 2 2 2
F(Qn)=my Ay = A"+ qqy,, (11)

where E +m ~ 2m, E —m ~ g2 /(2m) (where E is nucleon
total energy), and qo, is the relative momentum in the decay
N(1440) — m N at resonance mass.

The photon couplings &,; can be expressed through helicity
amplitudes Af/z and AY, [11] of the decays R; — py and
R; — ny, respectively. We can relate the radiative widths to
the amplitudes A} J (for spin-1/2 resonances) as well as to the
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constants g1\ = g; %+ gy;; that is,

2 3

kzm k
T(R — py,ny) = —|A1/2 =(g") L a2

where k,, is the relative photon 3-momentum in the decay.
Then, we obtain
m
ka.
13)

n ml n
|A1p/2 = (gyz )2 ky, 281 = (Af/z - AI/Z)

Note that only the isovector constants g,; (not g;) are needed to
derive the amplitude for reaction (1) on the deuteron. The helic-
ity amplitudes are usually extracted from the photoproduction
experiments, and the values A1 2 for N(1535), N(1440), and
other nucleon resonances can be found, for example, in
Refs. [5,18].

C. Vector-meson exchange terms
To derive w- and p-exchange amplitudes of the photore-
actions on the nucleon, we use the effective Lagrangians
Lyyy and Ley, of the VNN(V = w, p) and Vhy(h = 7, n)
interaction, taken in forms used in Refs. [4,11] as

Lyny = —gvnnN |:<)/,4 + ﬂ—vaﬂ,)Ei”) (0" + Tp“)i| N

2m
(14)
n, v GV”V A (o a
Lem = euvka(a € ) —(8 7'[,')(8,’3(1) +10L)
My
G
+ =2 (0M )bz pf ] (15)
my

(€1230 = 1, €123 = 1), where u, v, A, 0 and i, j are Lorentz
and isotopic indices, respectively, and =, 1, p, and @ stand
for 7, , p, and w mesons. The coupling constants Gy, (h =
7, 1) in Eq. (15) can be expressed through the radiative widths
I'v_py, by the following relation:

2 3 2 3
Gy iy _ Gy my (| mi (16)
127m; 8 my)

Iy, =

vohy 127rm?
Using Eqs. (14) and (15), one can write the VMEAamplitudes of
thereactions yN — hN as A, v, = x5 T x1ii2 M, vyu1, where
uy 5 are nucleon Dirac spinors (it ou; » = 2m), and

. Gy
Y
MyVh =

SVNN LoV
———€umsqle’k
mp, (rz—m%/) uviod

Bv
x =1+ Bv)y® + —Pl A7)
where g" and e” are the 4-momentum and polarization of the
photon, k* and p° are 4-momenta of the final meson / and the

initial nucleon, and > = (¢ — k)? is the 4-momentum transfer
to the nucleon squared. 7" = T, v, is the isospin operator:

Type = (xT), Tyon = (m3m)I, Typy = 13, (18)

where n3 = (0, 0, 1) is the unit vector in isotopic space. Using
the notation (9) for the amplitude A, v, (i.e., iy M,y u; =
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(,0;r S’V vre1) and the gauge invariance condition ¢y = (eq) = 0
in the nonrelativistic approximation, we have

S ; Y s m Gvypy VNN
Syvi = iCyyp Tr{kgéll, Cypvn = — L2000
my, (r —mv)

Tr{kge) = 2i(k - [q x e). (19)

(Here, the expression for the trace Tr{kgé} is used for conve-
nience in Sec. II D.) The amplitudes (19) in our approximation
do not contain the constants Sy from Eq. (14). The gauge
invariance of the amplitude (17) is obvious and is also satisfied
in the expression (19) for S’yw, owing to the gauge-invariant
factor Tr{kgeé).

Note that the pmy vertex in the Lagrangian (15) corre-
sponds to isoscalar photon coupling, whereas only isovector
photon coupling can contribute to the amplitude of reaction (1).
Generally, the isotopic pmry vertex has the structure g, (i p) +
gx2m3p3 + ga3(n3[m x p]), where g3 is an isovector coupling
constant. Then for radiative p decays, we have I'jo_, 0, ~
(g1 4 €)% and T,e s, ~ g7 + g3. From the PDG [17],
T ponty/ Dptns, ~ 1.7-1.8, that is, (g1 + £2)* > g7 + &3.
Since isoscalar pry coupling (g2 = g3 = 0) is successfully
used in the p-exchange amplitude of the reaction yN — w N,
we may suppose that g, 3 < g;. In addition, let us compare
w- and p-exchange amplitudes M,,, and M, ,, of the reac-
tion yN — mw°N. Using coupling constants from [4] (g; =
Gpr[y)’ we obtain M)/wn/Mypn ~ GwnyngN/GpnygpNN ~
10. Based on that, we neglect the p-exchange amplitude with
intermediate pion production in reaction (1) in comparison
with the w-exchange amplitude.

D. Single-scattering amplitude of the reaction yd — n°d

Let us write the amplitude A of the process yN — 7N
in the form (9), where S and 7" are the spin and isospin parts
of the transition operator. Then, a single-scattering amplitude
My for reaction (1) reads

N

M, —ZTT{T}/ on )3 r{ U89}, Wi = Wern, q1,)

(20)
Here, the intermediate nucleon with 3-momentum p [see
Fig. 1(a)] is on-shell; g, , = p — %Pl,z; €1 are 3-vectors of
polarization for initial and final deuterons; and \fJ(e, q)is a
matrix expression in the DWF W, which has the form

N T
U= wiWazwijjgxf,
u(g), w(q) (3(qe)

b= We. q)= “Dp V—é), @1

where ¢ is the relative 3-momentum of nucleons, u(g) and
w(q) are the s- and d-wave parts of the DWF, respectively,
normalized as [ d*q[u*(q) + w?(q)] = 27)* (we follow the
diagrammatical technique of Ref. [19], and some comments
will be given in Sec. IIE).
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Then, using Egs. (9), (10), (18), and (19) for the yN —
7N amplitudes, we obtain

d’p PPN
My =M+ M> + M, M; = x; WTI‘{\I—’Z O,-\Ill}

(i=12 ),
0, = ¢, 0, = kge, 0, = Tr{k§e}l,
=4igy1Cyin, X2 =4ig0CyoxF(k), x,=4iCyor.
(22)

Hereafter, g, ¢, and k are the c.m. photon energy and the c.m.
3-momenta of the initial photon and final pion, respectively.
The values x;,, factored out of the integrals in Eq. (22),
depend on the effective mass m,y = /s in the subprocess
yN — 7N, and we calculate the value m,y using the
3-momentum p = %(Pl + P,) of the intermediate nucleon
in Fig. 1(a). Expressing the DWF given by Eq. (21) for ¥ in
the r-representation, where

. dr .
\Ij(e’ q):/‘ae_lqrq)(e’ r)a

A u(r) w(r) (3(re),
D(e, r) = r«/— - ( 3 7F— e) , (23)
we obtain the amplitudes M; (22) in the form
AT 5 0,94},
/ @np’ L
(,151,2 = (,I\)(G’ r)v A = E(k - q) (24)

To evaluate the amplitudes M;, let us introduce the integrals

d3

&r rir;
/ (47[)2 elA’fl’g(r)fg(r)r—zj = ninjBl,z + SijCI,Z’ (25)

where
M(r) w(r) 3w(r)
filr) = ﬁ o falr) =
n= % (Im| = D). (26)

From Eqgs. (22)-(26), we obtain the amplitudes M; (i =
1, 2, w) in the form

M, = xi(A; — 2C)) Tr{&;e&,} + x; B, Tr{Vé&ii),
My = x5(A; — 2C)) Tr{&;kGée,} + x, By Tr{Vkgei)
+x2[Ca(€1€3) + (By — 2B))(ne)(nes)] Trikge},

M, = 2x,[(A; — 2C1 + Cy)(€1€3)
+ (By — 2By)(ne )(nes)] Trikge}, (27)
where V = (ne})é) — (ne)é; (€5 = €50). Neglecting the d-

wave component of the DWF [i.e., setting w(r) =0 in
Eq. (26)], one obtains B;; = C;, =0, which simplifies
Egs. (27). However, in a single-scattering amplitude, the
momentum is transferred to one nucleon, and at large angles
of the outgoing 7°, the relative momenta g » of the nucleons
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become large and the d-wave part of the DWF should be
important. We use a parametrization of the DWF employing
the Bonn potential [20] (full model) and the corresponding
analytical expressions for A, B 2, and C 3, used in Egs. (27),
are given in the extended version of the present paper [21].

E. Double-scattering amplitude of the reaction yd — n°d

Let 3’1(3’2) and T](Tg) be spin and isospin operators in the
amplitude (9) of the subprocess yN — hN(hN — 7°N) in
the diagram of Fig. 1(b). Then, the double-scattering amplitude
M >y has the form

1 A A d*p, d&°p), s s A
Moy = ——Te{ 775} / (2:)23 G B 810185},
(28)
where integration over the energies of intermediate nucleons
with 3-momenta p) and p, [see Fig. 1(b)] has already been
done, giving the result (28) with those nucleons taken on
the mass shell. Here, G (s) is the propagator of the inter-
mediate meson /2 with 3-momentum s and T” = rzT 7, and
52 = azS T, [22], where index “T” stands for transposition
operator.
Inserting T and § from Egs. (10), (18), and (19), we obtain
the contributions M;;; to M(y) in the form

d3P2 d3P’1

Mip; = —Yinj @n ) 2n) Tr{Oinj}Gi(s),
28vi A P
Yinl = mm CyinChix, O = VS ey,

280

Yinz = ——CyinChon F(k),
m

Onnr = W 5GeW 5k F2(s),
(29)

where F(s) is a form factor in the N(1440)Nm vertex [see
Eq. (11)]. For simplicity in this paper, we do not take
into account VME contributions in the double-scattering
amplitudes.

For the double-scattering amplitude due to the DWF, the
main contribution to the integral | d?p,d® p| comes from
the regions p; , ~ %Pl and p, ~ %PZ with small relative
momenta g; , ~ 0. To simplify the calculations, we neglect
the d-wave components of the DWF in the amplitudes M;;;.
The factors y;;; in Egs. (29) are calculated at

p=p=3P, pi=py=1%Ps (30)

The meson propagator Gp(s) =

Eq. (29) can be written as

(s? —mh—i—lO) ' in

_ Qo N
Gu(s) = —|s (pl+p2)+ah HI

Qo =qo+ Ta1 — &4, ai =mj; — Q3, 3D

where, Ty, is the kinetic c.m. energy of the initial deuteron,
s = —p) — P, and Qo is the excess energy in the process
yd — pnh. The term (Qo/m)(p}*> + p3) in Eq. (31) takes
into account the kinetic energies of the intermediate nucleons.
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In this section, we neglect this term; that is, we use a “static”
approximation. However, to study the energy dependence of
the differential cross section of n production (Qg ~ m,) in the
threshold region, we shall restore this term in the amplitude
with the intermediate 7 meson in Sec. IIT A.

Note that the spin structure of the elementary amplitudes
[N(1440) contribution] includes the dependence on the 3-
momentum s of the intermediate meson /4 in Fig. 1(b). This
dependence is taken into account in the double-scattering
amplitudes (29). Here, let us mention that similar calculations
were presented long ago in Ref. [23] for elastic 7w d scattering in
the A(1232) region and a two-loop integral was calculated with
angular dependence of the # N amplitude taken into account.
In the following, we give some details of our calculations of
the amplitudes M;;; (29).

In the “static” approximation, G;, = —(s*> +aj —i0)~L.
The r-representation is convenient for calculating the double-
scattering amplitudes. Let us introduce the Fourier transfor-
mations for s-dependent parts of the integrands (29):

1 d’r
_ = —el "hi(r
s2 +al —i0 47 (),
sF(s) fd3

—_— = STrhia(r
s2 +ak —i0 47 12(r),

S8 d’r .

sz+azj IOFZ(S) = / Ee’"[rirjhl(r)—G—Sijrzhz(r)].

2 _

(32)

Let us also define the integrals

l/ﬁvmmm=An, ”/ﬁOMmﬂr=mm%

/f2(r)hl(r)rirj =m;m ;A1 + 8ij A,
/ FA)rPho(r) = Axs, (33)

where f(r) = u(r)/(rﬁ), and u(r) is the s-wave part of
the DWF. For the integrals in Eqgs. (33), we use a shorthand
notation

. 1 Q
igr —- _ 0

/ (/@ﬂ3 e Q=g m=
(34)

The functions hjyj1212(r) and the expressions for
A1, A, A2y, and Ajyy are given in Ref. [21]. Rewriting
integrals (29) in the r representation using Egs. (23), (32), and
(33), we obtain the following expressions for amplitudes M;;,;:
(h=m,n),

Mizs = yin2Ar Tr{E e mk),

Mz = yar1 A Tr{&Gmgee,},

Uk vuyw
My = yinmAq Tr{é;é€,}

Maxy = yamal Agyy Tr{€Simegeé k)
+ (Ao + Axp3) Tr{& o Gée ok}l (35)

By summing the amplitudes from Egs. (22) and (35),
we obtain the total amplitude M, , (2). Note that the gauge
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invariance of this amplitude comes from the Lagrangians
(5) and (15) and that invariance is not violated by the
nucleon off-shell effects in the deuteron. The square |M, |
of the total amplitude, averaged (summed) over initial (final)
polarizations, is rather cumbersome, and we do not write it
here.

III. NUMERICAL RESULTS

A. Nucleon Kinetic energy terms

Before we consider the differential cross section of reaction
(1), let us discuss the threshold effect of intermediate 1 pro-
duction in the double-scattering amplitude. The contributions
of the intermediate 1 meson to the reaction amplitude comes
from the terms My,; and M, (35), which contain the integral
Aq1. We shall recalculate A;; in a “nonstatic” case using the
n propagator (31) with nucleon kinetic energy (NKE) terms
(Qo/m)( p/l2 + p%) taken into account, and compare it with the
result of the “static” approximation, used in Egs. (32) and (33).

To simplify the calculation of A;; for the “nonstatic” case,
let us replace the Bonn DWF by the effective Gaussian s-wave
function ¥ (r) = B exp(—br?). To fix the slope parameter b, let
us note that for reaction (1) at the 5 threshold with backward
outgoing 7%, we have a = 0(h = n) in Eq. (31) and Q ~ 0
in Egs. (33). However, we have Aj(a} = Q = 0) ~ (1/r)y
from Egs. (33). We fix the value b from the mean value
(1/r)4 corresponding to the s-wave part of the Bonn DWF.
The expression for A;; with the Gaussian DWF is given in
Ref. [21].

Figure 4 shows Re A1; and Im A1, calculated in the “static”
approximation, as a function of the photon laboratory energy
E, for one of the values of z = cos6, where 6 is the c.m.
scattering angle of the outgoing 7° meson. Here, one can
see that the results obtained with Bonn (solid curves) and
Gaussian (dashed curves) s DWF’s are quite close to each
other (a characteristic valid in the wide region of z for which
we obtain results in this paper). The function ReA;; peaks
at £, = Ey ~ 630 MeV, where Ey, is the photon threshold
energy for the reaction yd — npn,andIm A;; =0at E, <
Ey. Note that the left (right) derivative d(ReAy()/dE, —
+oo[d(Im Ay1)/dE, — +oo]at E, — Ey. These properties
come from the “static”’ approximation used in Egs. (32). In the
n-threshold region, the function Im A; should depend on E,

as a 3-particle N N7 phase space, that is, NQS/Z, where Qj is

the excess energy given in Egs. (31) and Qg ~ E, — Ey. In

fact, when NKE terms (Qo/m)(p|> + p3) in the n propagator

(31) are neglected, then Im A, behaves as a 2-particle phase
- 172

space, that is, ~Q'".

InFig. 5, we compare Re A, Im Ay, and [Aq; | calculated
with the Gaussian DWF in “static” (dashed curves) and
“nonstatic” (solid curves) cases. Results are shown for two z
values, —0.55 [Figs. 5(a), 5(c), and 5(e)] and —0.85 [Figs. 5(b),
5(d), and 5(f)]. In the “nonstatic” case, ImA;; ~ Q%2 in
the small region close to the n threshold and then because
of the DWF Im A;; begins to decrease where E, increases.
The energy dependence of |Aj;|*> clearly demonstrates the
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FIG. 4. (a) [(b)] Real [image] parts of the loop integral A; of the
double-scattering diagram [Fig. 1(b)] in the “static” approximation
with an intermediate n meson in the reaction (1). The results are given
for the values z = cos @ = —0.55. Solid (dashed) curves correspond
to the results with the Bonn (Gaussian) s DWF.

n-threshold effect from the loop diagram [Fig. 1(b)] in the
energy behavior of the differential cross section of reaction (1)
when all kinematical factors from subreactions on the nucleons
are neglected. Figures 5(e) and 5(f) show that when NKE terms
are included then |A;;|?> turns out to be a much smoother
function instead of exhibiting the sharp peaking in the “static”
approximation case.

Finally, for the differential cross sections in Sec. III B, all
double-scattering amplitudes with an intermediate pion are
calculated in a “static” approximation using the Bonn DWF
[20] and the expressions for the integrals Ajj 12.221,222.203 are
defined by Egs. (33). For the amplitude with an intermediate
n meson, we use A, with NKE terms taken into account as
described in this section.

B. Differential cross section of the reaction yd — 7°d

The amplitude of reaction (1) as expressed by Egs. (27) and
(35) depends on a number of parameters. In Table I, we list
sets of helicity amplitudes Af/’; for photon couplings to spin-%
resonances [see Egs. (13)] used in our amplitudes.

We use the values A7) from column [24]-1 (st variant
from Ref. [24]), which are approximately the mean values
among those given in Table 1.
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FIG. 5. (a) and (b) Results for ReA;; (¢) and (d) results for
Im A,;; and (e) and (f) results for |A,;|? at z = —0.55 [(a), (c), and
(e)] and z = —0.85 [(b), (d), and (f)] with the Gaussian s DWEF. Solid
(dashed) curves correspond to the “nonstatic” (“static”) case.

For the partial (I';;) and total (I";) widths (11) of N(1535)
and N(1440) at nominal masses (/s = mj;), we use the
values

Iy = 0.651,
I', =350 MeV

Ty, =Ty, =057,
Ty = 150 MeV,

and take A = 1 GeV in the form factor F (11) of the hadronic
N (1440) decay.

The coupling constant Gy, is obtained through Eq. (16)
from radiative width [17]
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Tyno, = 8.7 x 10721, I, = 8.44 MeV. (37)

The strong coupling constant gy = gyyy is not well
determined, as was mentioned in Ref. [5]. In various analyses,
it varies in the range [26,27]8 < g, < 20. (We discuss only
the vector coupling constants; tensor couplings are neglected
according to Sec. II C.) Here, we list some values of g, from
the aforementioned papers:

2
go = 21[5], &

8o = 8[4],

(38)

For our subsequent results, we use the value gZ, /4m =
20 (g, ~ 15.85) from Ref. [20].

InFig. 6, we show the calculated differential cross section of

reaction (1) with backward 7 photoproduction as a function
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TABLE 1. N(1535) and N(1440) resonance couplings. Units are
(GeV)~172 x 1073.

Ref. [24]-1 [24]-2 [25] [11] [5] PDGI17]
N(1535) A}, 78 5 53 97 67 90

Al, =50 37 -98 — 55  —46
N(1440) Af, —66 —64 —69 — 71  —65

AT, 50 45 56 — 60 40

22 =20 [20] (full model).
4

of the photon laboratory energy E, at several fixed values of
z =cosf from z = 0to z = —0.85. (The experimental CLAS
data, which are presented in [1], are at the same z values.)
The results shown by the solid curves have been obtained
with the total amplitude M, ; consisting of the terms (22) and
(35). The other curves are explained in the figure caption. One
can see that the contribution from single-scattering amplitudes
dominates the cross section for z = 0. The relative contribution
from the other amplitudes increases as z approaches —0.85.
Note that the w-exchange amplitude M, dominates in the total
contribution from single-scattering amplitudes.

In Fig. 6, we see a maximum in the energy spectra of the
differential cross section at E, ~ 700 MeV, in the angular
region of z < —0.65. This maximum gets more pronounced
as z — —0.85. The CLAS experimental data [1] also show the
excess of events, but less sharp, of the same order of magnitude
(increasing as z — —0.85) in a region around the same energy
for the same angles. For more detailed discussion, we should
mention that the effective energies /s in subprocesses on
the nucleons in the double-scattering diagram [Fig. 1(b)] are
calculated in the approximation (30). These energies, +/s,
are equal to the nN-threshold mass at £, ~ 700 MeV. The
maxima in Fig. 6 reflect the nN-threshold effect from the
N(1535) propagators in the elementary amplitudes because we
use the energy-dependent width I'j(s) of N(1535) according
to Eqs. (11) and I'y,,(s) = O at Js<m+ m,(E, <700 MeV).
The main effect comes from the double-scattering amplitude
M1 with two N(1535) propagators whereas the contribution
from M,; is much smaller owing to a small N(1535)Nx
coupling constant (g1, < gi1,). Thus, Fig. 6 demonstrates the
effects of the two-particle (nN) threshold in the elementary
amplitudes on the intermediate nucleons. At the same time,
for the reasons discussed in Sec. III A, we do not see a sizable
threshold effect from the three-particle (n/N N) intermediate
state (Ey, = 630 MeV).

Note that the prescription (30) usually works well because
of the rapid momentum dependence of the DWF in comparison
with ones for the amplitudes of the reactions on the nucleon.
However, this approximation does not reproduce adequately
any sharp peculiarities of elementary amplitudes in the
amplitude of a nuclear reaction. Because of “Fermi motion”
within the deuteron, the nN threshold in the diagrams in
Fig. 1 are not positioned at a fixed value of E,, . These effects
tend to be spread over some region of the incoming photon
energy. Thus, the sharp maximum at £, ~ 700 MeV in Fig. 6
should be smoothed, but we have no proper simple procedure
to do this.
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FIG. 6. Differential cross sections of the reaction (1) vs photon
laboratory energy E, at several values of z = cos 6. Dashed (dotted)
and solid curves show the contributions of single- (double-) scattering
amplitudes and total amplitude, respectively. Dash-dotted curves
correspond to the contributions of total amplitude without the w-
exchange term. The results are obtained with energy-dependent total
width of N(1535). (a) z =0, (b) z = —0.65, and (c) z = —0.85.

Let us consider the case when the N(1535) width in the
elementary amplitudes is a constant nominal value T'(s) =
I'y = 150 MeV. In this case, shown in Fig. 7, we have no nN-
threshold effects in the elementary amplitudes and no sharp
maxima at £, ~ 700 MeV. Here, we see broad enhancements
centered around £, = 750 MeV. These enhancements appear
mainly from the contribution of the amplitude M;,; with two
N(1535) propagators. Their position is shifted to the left of
E, ~ 785 MeV [laboratory photon energy on the nucleon
target with an effective c.m. energy equal to the N(1535)
mass] owing to decreasing factors from DWF’s in reaction
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FIG. 7. The same as in Fig. 6 but the results are obtained with
constant total width of N(1535).

(1). Note that the energy-dependent N(1535) width I';(s) at
the nN threshold (/s = m + my), where I',,(s) = 0, is about
half the size of the nominal value I'y of the N(1535) resonance.
Thus, taking N(1535) with constant nominal width, we get
smaller values of the corresponding elementary amplitudes in
the region close to the n N threshold. Therefore, the differential
cross sections in Fig. 6 at E, ~ 700 MeV are essentially
enhanced in comparison with those of Fig. 7. Finally, we
conclude that the enhancements in the energy region near the
n threshold, shown in Figs. 6 and 7, are mainly due to the
N(1535) contributions to the double-scattering diagram with
an intermediate n production.

The absolute values of the calculated differential cross
section at z = 0 [Figs. 6(a) and 7(a)] are in an approximate
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agreement with CLAS data [1]. For larger scattering angles
6, our results are lower in absolute value than those of
the data. At z = —0.85 [Figs. 6(c) and 7(c)], the calculated
differential cross sections are considerably smaller than the
experimental ones. We expect that the contribution from the
single-scattering amplitude M, in our treatment is too large.
However, adding the VME terms in the double-scattering
amplitudes (not included here) may essentially improve our
predictions as z — —0.85, where the contribution from the
term M,, gets smaller. Thus, we hope that, by decreasing the
elementary w-exchange amplitude (taking smaller coupling
constant g,y and introducing form factors) and including
double-scattering amplitudes M, and M,,,,, we may have a
good description of the experimental absolute cross sections at
z = 0 and essentially improve our predictions as z — —0.85.

IV. CONCLUSION

We considered the energy dependence of the differential
cross sections of the reaction yd — 7%d in a wide energy
range around the n-meson photoproduction threshold at
several backward c.m. angles of the outgoing pion. Our
calculations are based on a nonrelativistic diagrammatical
technique and take into account single- and double-scattering
amplitudes. We conclude that the contribution of double-
scattering with intermediate production of an 1 meson can
explain the structure experimentally observed by the CLAS
Collaboration [1] in the energy dependence of the differential
cross section near the n threshold. Indeed, our calculations
show that a broad enhancement (with width of the order of
100 MeV) appears in the energy behavior of the differential
cross section at large scattering angles 6 in the n-threshold

PHYSICAL REVIEW C 71, 035202 (2005)

region. This enhancement becomes more pronounced as 6
increases, and the magnitude of the effect is in qualitative
agreement with the CLAS data.

We discussed the role of the three-particle N N n-threshold
effect, taking into account “nonstatic” corrections to the n
propagator. Indeed, we found that a sharp energy behavior of
the differential cross section at the energy of the n thresh-
old calculated in a ‘“static” approximation was essentially
smoothed by taking into account “nonstatic” corrections to
the n propagator. Our calculation results show that the en-
hancements in the energy dependence of the differential cross
section are, to a great extent, due to the N(1535) contributions
in the elementary amplitudes of the double-scattering diagram
with intermediate 7 production.

Our predictions depend on a number of parameters, some
of which are not well established (e.g., the constant g, ,
form-factor parameters, etc.). Not all of the possible diagrams
are considered in our analysis. Our calculations do not include
VME terms in the double-scattering amplitudes or any other
resonance amplitudes besides the N(1535) and N(1440)
contributions. Thus, there is room for further improvements
of our predictions.
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