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Neutral pion photoproduction on the nucleon near threshold is investigated using a dynamical
model. Analytic properties of the final-state interaction amplitude in the energy region near 7" n
production threshold are examined in detail. It is shown that the commonly used procedure, based
on an analytical continuation of the K matrix to the unphysical region, is not compatible to an ap-
proach incorporating full off-energy-shell dynamics. Our calculation indicates that the final-state
interaction amplitude derived from a dynamical model could involve large cancellation between the
different pion photoproduction mechanisms. This leads to the surprising result that the final-state
interaction effect due to the intermediate 7°p state can be as important as that due to the 7* n inter-
mediate state. At threshold, we obtain E,. =—1.92X1073/m - This number is close to the

measured value of Eg, = —1.5X1073/m +- No violation of the low-energy theorem is required to
obtain good agreement between the calculated total cross sections and experimental data from
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threshold to about 400-MeV incident photon energy.

I. INTRODUCTION

It has been reported for some time that the E,, ampli-
tude extracted from analyses!? of threshold neutral pion
photoproduction data seems incompatible with the well-
established low-energy theorem.® This is very surprising
since no violation of the low-energy theorem has been ob-
served for charged pion production. In this paper we ex-
plore this problem within a dynamical model*~® in which
the pion-nucleon interaction is described with 7NN and
7N A vertices, and a background potential; the pion pho-
toproduction mechanisms are deduced from low-order
Feynman amplitudes calculated from an effective La-
grangian. A similar approach has been recently taken by
Yang’ to demonstrate the role of off-energy-shell 7N
final-state interaction (FSI) in interpreting the data. We
will present a much more detailed formulation of the FSI
dynamics, which is needed for a clear understanding of
several new findings emerging from our calculations.

Let us first recall what has been done in arriving at the
contradiction to the low-energy theorem. A nontrivial
problem arises from the fact that the threshold of the
yp —7°p reaction is 144.7 MeV (all photon energies are
specified in the laboratory frame) which is 6.7 MeV lower
than the threshold of #* production which can contrib-
ute to 7° production through the charge-exchange pro-
cess yp—m ' n—7. To evaluate this contribution, one
needs to define the off-shell mN charge-exchange scatter-
ing amplitude. Evidently, this cannot be obtained from
the experimental data of wN scattering without making
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theoretical assumptions. In the analyses of Refs. 1 and 2,
it is assumed that, in the energy region near the 7° pro-
duction threshold, the s-wave multipole amplitude can be
written as

Eoy =E,, (yp—7°)+(FSI) . (1.1a)

Here Eo+(yp —7°p) is extracted from the E,, data by
assuming that the final-state interaction can be described
with a K-matrix approach® which gives

(FSI)=ik,a_ o Egi(yp—mtn).

T n—mTp

(1.1b)

In Eq. (1.1b), the 7 n relative momentum k, is evaluated
from the on-energy-shell condition E =E, (k,)+E_.(k,),
where E, (k)=(m;+k?)!'? and E_.(k)=(m2, +k?)'"2
With the mass parameters m _,=134.9630 MeV,
m_ ;= 139.5673 MeV, m, =938.2796 MeV, and
m,=939.5731 MeV, we have, at the #° production
threshold (E =m o+m,), k,=i0.19 fm~'. The charge-
exchange scattering length, a_+
the 7N §;,;, and §;  scattering

a'/2=(0.173£0.003)/m _, ~0.245 fm and
=(—0.101£0.004)/m_ ~—0.143 fm by multiplication
with appropriate isospin Clebsch-Gordan coefficients. By
using these empirical numbers and the value
Eo,(yp—7"n)=28.3+0.5 (all multipoles are in the
standard unit 107°/m _.), we find that (FSD~—1.0. It
is the use of this (FSI) value that led to the result!:
Ey.(yp—7°)=—0.5£0.3 in conflict with the low-

2 is calculated from
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FIG. 1. The pion photoproduction mechanisms considered in
this work.

energy theorem value of —2.4. Inserting the reported
value E,, (yp —7°p)=—0.5%0.3 into Eq. (1.1), we then
have

E0+2_0.5_1.0=_1.5 . (1.2)

We note here that any theoretical model including effects
of FSI should compare directly with the experimental
value of —1.5. It is clear from Eq. (1.2) that the
significance of the often-mentioned ‘“unexpected value”
—0.5 depends strongly on the validity of using the large
FSI correction —1.0, deduced from the K-matrix ap-
proach. The FSI has also been investigated by Yang,’
Davidson and Mukhopadhyay,'® and Araki.!! Their
values are all different from the value —1.0.

We further note here that the analyses of Refs. 1 and 2
also made an assumption that for the other two relevant
multipoles, M, /gk and M,_/qk are constant from
threshold up to about 180 MeV. This could be reason-
able, but needs to be confirmed since the cross section
calculation involves interference between different mul-
tipoles, and the small amplitudes could play important
roles in fitting the differential cross section data.

We now emphasize that Eq. (1.1) results from a partic-
ular choice® for the analytical continuation of the K ma-
trix to the unphysical region. On the other hand, the an-
alytic continuation of the K matrix to the unphysical re-
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FIG. 2. Graphical representation of the final-state interac-
tion terms (FSI) of Eq. (2.1). B is the photoproduction Born
term and ¢ is the 7N ¢ matrix.
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FIG. 3. Trajectories of the mN propagator singularity, shown
for the case where the energy moves from above to below the
7% n production threshold.

gion is not unique and depends on the underlying dynam-
ics. This arbitrariness is inherent in any attempt to speci-
fy the FSI without solving a ‘“dynamical equation.” In a
dynamical approach, as developed in Refs. 4—6, the FSI
includes the full off-energy-shell contribution and can be
explicitly calculated from the underlying Hamiltonian.
The objective of this work is to reveal this dynamical
feature, using the model we have recently proposed.®
This will allow us to examine whether Eq. (1.1) is compa-
tible with a dynamical model.

In Sec. II, we recall a relevant formula of Ref. 6 to ex-
hibit, within a dynamical approach, the analytical prop-
erties of the pion photoproduction amplitudes at energies
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FIG. 4. Calculated total cross section of yp—7°p reaction
up to 500-MeV photon laboratory energy. The experimental
data are taken from Ref. 15.
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near (below and above) 7" threshold. We will demon-
strate how the cusp effect emerges from our formulation,
without introducing any ad hoc prescription. It will be
seen that Eq. (1.1) can be obtained from a dynamical
model only when very drastic simplifications are intro-
duced in the calculation of the FSI. In Sec. III, we will
demonstrate that the dynamical model of Ref. 6 can give
a satisfactory description of the total cross section data
for yp—7°p. The considered pion photoproduction dy-
namics remains rigorously constrained by the low-energy
theorem. More importantly, we will present a detailed
analysis of our FSI calculation, clearly demonstrating the
radical difference between a dynamical approach and the
approach based on Eq. (1.1). The needed future investi-
gations will also be discussed.

II. ANALYTICAL PROPERTIES
OF THE PHOTOPRODUCTION AMPLITUDE

Since our model has been presented in detail in Ref. 6,
we will only mention some crucial points of our approach
and recall relevant equations. The main feature of a
dynamical model is that the 7N final-state interaction is
necessarily determined not only by the 7N scattering
phase shifts, as required by the Watson theorem,'? but
also by the half-off-shell scattering ¢ matrix which de-
scribes the wN wave function in the interaction region.
For the considered yp —7’p reaction, each pion pho-
toproduction multipole amplitude is determined by the
following equation® (all partial wave quantum numbers
are suppressed):

M, (ky,q)=B

mpYP

(kg,q)
+(FSD) o +(FSD .,

p—vp

(2.1

where k, and g are momenta of the pion and photon in
the center-of-mass frame, respectively. In Eq. (2.1), B is
the Born term calculated from the Feynman amplitudes
of Fig. 1. Note that our Born term includes the A term,
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FIG. 5. Calculated total cross section of yp —7°p reaction
near threshold. The solid line is the full calculation (B+FSI)
and the dashed line is the Born term contribution (B). The
dash-dotted line is the contribution from the E,. amplitude
only. Experimental data are taken from Ref. 1.
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FIG. 6. E,, multipole amplitude of yp —7°p reaction near
threshold. The solid line is the full calculation (B+ FSI), and
the dashed line is the Born term contribution (B).

Fig. 1(e), and the vector meson (p and w) exchange terms,
Fig. 1(f). The on-shell momentum k is calculated from
E =Ep(k0)+Eﬂo(k0). As usual, we assume that no ex-
plicit description of the Coulomb interaction is needed,
although its effect in contributing to isomultiplet mass
splittings is of course included by using empirical masses.

The FSI term involves an integration over the half-off-
shell 7N ¢t matrix (as illustrated in Fig. 2)

(FSI) N:fwdk k2tﬂop"”N(ko’k’E)Bn-N*_yp(k,q)
P 0 E—En(k)—E_(k)+ie ,

(2.2)

where 7N denotes 7% or 7" n. Note that the pole posi-
tion of the propagator in Eq. (2.2) depends on the masses
of the intermediate 7N state. In Fig. 3, we show that as
the energy becomes smaller than the 7% n threshold, the
pole position of the 7+ n propagator shifts from the real
axis to the imaginary axis. As will be seen later, this is
the dynamical origin of the cusp effect.

To extract an overall 7N phase from Eq. (2.1), we re-
call the well-known relation between the ¢ and the K ma-
trix (called the R matrix in Refs. 6 and 13)

t(E)=K(E)—imt(E)S(E —H,)K (E) , (2.3)

where H is the sum of the free-energy operators of the
pion and the nucleon. Taking into account the mass
differences between the two possible intermediate states
7% and 7 n, we have

Re M, (7%
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FIG. 7. Real part of the M, and M,_ multipole amplitudes
of yp— 7% reaction near threshold. The solid line is the full
calculation (B+FSI) and the dashed line is the Born term con-
tribution (B).
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FIG. 8. Calculated differential cross sections of yp— 7°p reaction near threshold. The solid line is the full calculation (B+ FSI)

and the dashed line is the Born term contribution (B). The experimental data are generated from coefficients A4, B, C, and their asso-
ciated errors listed in Table I of Ref. 1.

t (ko,k EY=K g, (ko E)=i [ “dk't o o (ko,k',Edp g, (K")8(K'=ko)K o, (K", E)

ﬂop<—1rN mp—mTp

—i [ Tdk't g, v, (koK' Edp v (K"8(K' kK i (K',kE) 2.4)

where 7N =7 or 77 n, and p_y(k)=mkEy(k)E (k)/[Ey(k)+E_(k)]. Note that the last term of Eq. (2.4) involves
an integration over a § function containing a 7% n on-shell momentum k, defined by E =E, (k,)+E .+ (k). In the ener-

gy region just below the threshold for 7 n (E <m, +m_.), k,=ilk,|, and hence, the last term in Eq. (2.4) vanishes.
Evaluation of Eq. (2.4) for k =k, and 7N =7 n leads to an equation which is then used to cast Eq. (2.4) into the form

!0y ankor K EV=[1=ip o (ko)t o, o (ko,ko, E)IK o (Ko, K, E) (2.52)
where
R0, ko h EY=K o\ (kok,E)—i6(E —m,—m .)F ., . (ko,k,EXK . (kkE) (2.5b)
with
B PorrnkK o+ (koK E)
Fo o+ nko ke E)= ERT Y p——— TR ST (2.5¢)

TABLE 1. Real parts of the multipole amplitudes, calculated from our dynamical model, at the
threshold energies E,;,. B is the contribution from the Born term, and FSI=(FSI)”OP +(FSI)ﬂ+n is the
final-state interaction contribution.

Reaction

Re(Ey4) Re(E, ) Re(M,,) Re(M,_)
(Threshold energy) 107 /m . 107°gk /m? , 107gk /m> , 107 gk /m>
yp—p B —2.29 —0.15 5.94 —5.47
(E,=144.7 MeV) B+ FSI —1.92 —0.18 6.45 —5.14
yp—mtn B 27.3 5.21 —9.74 5.71
(E,=151.4 MeV) B+FSI 26.9 5.30 —10.1 5.48
yn—mp B —312 —5.36 11.4 —7.66
(E,,=148.5 MeV) B+FSI —29.7 —5.43 11.7 —7.44
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TABLE II. Contributions of mechanisms, shown in Fig. 1, to the real part of the E,; amplitude for
yp—7°p at threshold. The amplitudes are calculated in the Coulomb gauge and are given in units of
1073/ m . B denotes the contribution from the Born term alone, and (FSI) is the final-state interac-

tion term defined in Eq. (2.2) and illustrated in Fig. 2.

yp—7'p Diagrams of Fig. 1
(Ey,=144.7 MeV) (a) (b) (c) (d) (e) ) Sum
B —1.26 —1.25 0.0 0.0 0.0 +0.22 —2.29
(FSI)"OP —0.10 +0.57 0.0 0.0 0.0 +0.05 +0.52
(FSI)V+" —0.53 —0.24 —3.07 +3.57 0.0 +0.10 —0.15
B+FSI —1.89 —0.92 —3.07 +3.57 0.0 +0.37 —1.92

Here we have defined 6(x)=1 for x 20 and =0 otherwise. Recall the well-known relationship between the phase shift
and the on-shell  matrix

pon (ko) oy Ko ko, E)=—e" ™ sind_y , 2.6)
Egs. (2.5) lead to the half-off-shell relation
i5 o
0 Kos K E)=e ﬂpcosﬁﬁopkﬂop‘_ﬂN(ko,k,E) . 2.7)

We now return to consider the FSI integration, Eq. (2.2). Splitting the propagator into principal-value and §-function
parts, we have for E > m, +m -0

t 0 (4] (k()yk’E)B 0 (k’q)
(FSI) o =—ip o (ko)t (ko,ko, E)B (ko,@)+P [ “dk k222 Tt (2.8a)
% p,,op 080, 40, %0sK0s Opyp 09 o E—Ep(k)_En_o(k) :

and
(FSI)”+n =—i0(E —m, -m_. )pﬂ+"(k, )tﬂophf"(ko,k,,E)BH"*_yp(k,,q)

+Pf “dk k2 t”°p<—1r+n(kok’E)Bfr“Ln%w(k’q)
0 E—E,(k)—E_.(k)

(2.8b)

The 6 function indicates that the wave function in the asymptotic region will not have the 7+ n component if the energy
is below its production threshold. Equation (2.8b) is the mathematical statement of this cusp effect. Substituting Egs.
(2.8) into Eq. (2.1) and using Egs. (2.5) and (2.7), we have

i8 4
M”op‘_yp(ko,Q)=e ™ PCOSBﬂop B”o[h_yp(ko,Q)—le(E —m,—m_. )erop<—1r+n(ko’kY’E)Bn““n,_yp(kt’q)
+ 3 P[Tdkk? Rty Kok BB vy () 2.9)
N =sprtn O E —Ey(k)=E (k) ‘ '
TABLE III. Same as Table II, except for the charged pion production reactions.
Reaction Diagrams of Fig. 1
(Threshold energy) (a) (b) (c) (d) (e) (f) Sum
yp—mtn B —1.75 —0.30 —0.04 +29.2 0.0 +0.16 +27.3
FSI —1.00 +0.36 —3.43 +3.40 0.0 +0.27 —0.40
(E,=151.4 MeV) B+FSI —2.75 +0.06 —3.47 +32.6 0.0 +0.43 +26.9
yn—mwp B —0.29 —-1.77 +0.06 —29.3 0.0 +0.15 —312
FSI —0.15 +1.29 +3.48 —3.30 0.0 +0.13 +1.45

(E,=148.5 MeV) B+FSI —0.44 —0.48 +3.54 —32.6 0.0 +0.28 —29.7
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TABLE IV. Parameters of the form factors for the S, and S; #N separable potential:

vonan (k' k)= Ry (kOB (K) 4 hy(KDAshy(k), where hy(k)=a k"' /(k2+b3)
(k24+b2)"? (see Ref. 6 for details). a, is in units of (fm)

—2n,+m,+1

(fm) "2 2 i

"

and h,(k)=a,k 2/

“Zn]+ml+l+l ) . .
and @, is in units of

L, ,; I} m, n, a, b, fm™") m, n, a, b, (fm™ 1) A (=Ay)
Su 0 0 3 100.0 2.5982 2 2 49518 2.8770 —1
S 0 0 2 3.0853 1.8056 2 2 1.9253 1.2746 +1

Equation (2.9) is our main result. We now consider the
low-energy limit of Eq. (2.9). Here the on-shell ¢ and K
matrices can be related to the s-wave scattering length.
By using the relation

cotd, y(k)—1/(a yk) (2.10a)
and
aﬁop=%(aT=“2+2aT=3/2)
=1[0.245+2(—0.143)]=—0.01 fm (2.10b)

the phase factor in Eq. (2.9) can be written near threshold
as

eis”o"cosf) L 1 (2.10c¢)

—_—————— 1 . .
mp " 1—iky(—0.01)

We now note that the main feature of Egs. (2.5b), (2.5¢),
and (2.9) is that the imaginary part is controlled by a 6
function. In the energy region below the win threshold,
the second term of Eq. (2.9) vanishes and K [Eq.

T p—1N
(2.5b)] reduces to the real function K OpeaN’ pWith Eq.
(2.10c), we then expect that the multipole amplitude of
Eq. (2.9) will be a purely real number below the 7 n pro-
duction threshold. As the energy moves from below to
above the 7' n threshold (151.4-MeV incident photon
laboratory energy), we will see a sudden change in the
imaginary part of the amplitude, and the cross section
will show a rapid change. This is the dynamical formula-
tion of the cusp effect. The visibility of this cusp effect of
course depends on the underlying dynamics. This will be
revealed explicitly in the next section.

Before we leave this section, let us just point out that if
we drop the principal-value integral term and ignore the
restriction due to the presence of the 8 function in Egs.
(2.9) and (2.5b), we then have a formula identical to that
of Davidson and Mukhopadhyay.!® If we further neglect
the difference between Ep and K matrices, defined in Eq.
(2.5b), and extend the usual relationship between the K
matrix and the scattering length to assume that
p_+,(k, )Kv0p<_”+n(k0,k,,E)—+~a”0pHr+nk,, we then
get the commonly employed Eq. (1.1). Clearly the FSI
due to the charge-exchange reaction generated from ei-
ther one of these approaches is very different from what
we have derived here. In particular, the usual analysis
based on Eq. (1.1) is not, in general, compatible with a
formulation retaining the full dynamics. For our explicit
dynamical model, we will show that the deviation from
Eq. (1.1) is large. We also expect the same conclusion
from any other dynamical formulation.

We now turn to presenting our numerical results based
on Eq. (2.9).

III. RESULTS AND DISCUSSIONS

With the given choice of the 7N Hamiltonian,® the
only free parameters of our model are (1) the cutoff A of a
monopole form factor A2/(A2+k?) which regularizes the
Born term, (2) the excitation strengths G, and G for the
A<y N transition. In Ref. 6, these parameters are deter-
mined from fitting the multipole amplitudes M, (3) and
E,;(3) that are dominated by the A excitation. The re-
sulting model is able to give an overall good description
of the cross section data for the yp —7°, yp —m " n, and
yn—m  p reactions up to about 400-MeV incident pho-
ton energy. An example of our results is shown in Fig. 4.
It is seen that the total cross section data of yp — 7% can
be described very well with the following parameters:
A=650 MeV/c, Gy,=2.28, and Gp=0.07. The first
question of interest in the present paper is whether the
predictions of our model in the threshold-energy region
are in agreement with the cross section data. In Fig. 5 we
show that the prediction of the model, the solid curve, is
in good agreement with the data. In the same figure the
dashed curve is the prediction from the Born term alone
in the absence of FSI. By comparing the solid and the
dashed curves, it is clear that within our model the FSI
indeed improves the agreement with the data, in particu-
lar in the region near the 7+ n production threshold. The
cusp effect, due to the opening of the m*n channel, is
needed for getting the right curvature of the cross sec-
tion. Although this improvement is modest at the cross
section level, it is particularly significant for the underly-
ing multipole amplitudes. As might be expected, the
cusp effect is most visible in the s-wave amplitude. This
is explicitly shown in Fig. 5 for the cross section and Fig.
6 for the amplitude. The dash-dotted curve in Fig. 5 is
the cross section calculated from the amplitude E,
alone. The large difference between the solid and the

TABLE V. Individual contributions of S|, and S;, 7N FSI to
the Ey, multipole at threshold.

yp —7p Re(E,. )

(E,=144.7 MeV) 1073 /m
B —2.29
B+(FSDs —2.62
B+(FSD)s —1.60
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dash-dotted curves indicates that an accurate treatment
of the p-wave multipole amplitudes is also essential in or-
der to obtain a correct understanding of the data. In Fig.
6 we demonstrate the cusp effect emerging from our cal-
culation of the E,, amplitude. The dashed curves are
calculated from the Born term alone. When the full FSI
effect of Eq. (2.9) is included, the calculated amplitude
(solid curves) exhibits pronounced structures in the ener-
gy region near the 71 n threshold. As discussed in Sec. II
and illustrated in Fig. 3, this is due to the shift of the pole
position of the 7% n propagator from the real axis to the
imaginary axis. The rapid increase in the imaginary part
is due to the presence of the 6 function in Egs. (2.9) and
(2.5). It is important to emphasize that the cusp effect ex-
hibited here is generated by keeping the complete 7N dy-
namics, and is radically different from that based on Eq.
(1.1).

In Fig. 7, we show the FSI effect in determining M,
and M,_ amplitudes in the low-energy region. Ap-
parently, the FSI is not completely negligible. But we
find that with the FSI included, it is still a good approxi-
mation to assume that M,, /gk and M, _/qk are con-
stants, as assumed in the analyses of Refs. 1 and 2. The
importance of the FSI is more clearly seen in the results
for the differential cross section shown in Fig. 8. Here we
also see that our model is consistent with the published
experimental data.! Obviously more precise measure-
ments are needed for an accurate determination of the
multipole amplitudes.

To see the dynamical content of our calculation, we
now focus on the results at threshold. In Table I, we
show the FSI effects in determining the multipole ampli-
tudes for yp —n%, yp—mtn, and yn—m"p. The FSI
effect in charged pion production is small, and hence our
full calculations do not deviate significantly from the pre-
dictions of the low-energy theorem. The FSI effect on the
E,, multipole for neutral pion production (first row) is
+0.37. Itis of opposite sign to the (FSI) term of Eq. (1.1)
employed in the analyses of Refs. 1 and 2. Our value
E,, =—1.92 is close to the measured value —1.5 of Eq.
(1.2). We therefore have demonstrated that with a
dynamical treatment of the final-state interaction, it is
possible to describe the 7° photoproduction data without
introducing any modification of the low-energy theorem
in describing the basic pion photoproduction mechanism
(as suggested in Ref. 14).

To further understand our result, it is necessary to ex-
amine the role of each mechanism, shown in Fig. 1, in
determining the FSI effect. This is presented in Table II.
We note that there are large cancellations between
different mechanisms. In particular, both mechanisms (c)
and (d) have large contributions to the FSI term involv-
ing the 7*n intermediate state, but they have opposite
signs and almost cancel each other. This explains why
we have a very surprising result that the FSI involving
the 7% intermediate state is larger than that due to the
77 n intermediate state. This is seen in comparing the
numbers in the last column of Table II. If the prescrip-
tion of Eq. (1.1) is used, the contribution from each mech-

anism will be scaled by the same factor “k,a”+"_mop.”

This, taken together with the fact that the charged pion

photoproduction Born term is dominated by the contact
interaction (see Table III), leads one to expect the oppo-
site behavior from ours—as commonly assumed in exper-
imental analyses. The results shown in Table II clearly
indicate the fundamental difference between a calculation
retaining the full dynamics, and the approach based on
Eq. (1.1). In Table III we also show that the cancellation
between mechanisms (c) and (d) also occurs for charged
pion production. We should emphasize here that this
somewhat unexpected result could depend on the three-
dimensional reduction introduced in Ref. 6 to deduce
from the Feynman amplitudes unitary and gauge invari-
ant current matrix elements which are consistent with the
considered 7wN scattering theory. It is well known that
the three-dimensional reduction of a field theory is not
unique. Hence, further investigations are needed to
determine whether this cancellation is specific to our ap-
proach or is a general property of the basic dynamics.

At threshold, the FSI is only due to the 7N interaction
in the S|, and S5, channels. The parameters used in our
calculation are displayed in Table IV. In Table V we
show that the FSI due to the S;, is as important as that
due to the S|; channel. Again there is a large cancella-
tion between these two different FSI effects.

We now note that the FSI effect listed in the last
column of Table II is very close to one of the results ob-
tained by Yang’ (the BL result in his Table I). Perhaps
this is due to the fact that both models approach the
same static limit which dominates the mechanisms in the
threshold-energy region. Our main new contribution is
to reveal in more detail the dynamical origins of the FSI
effect, and show that Eq. (1.1) commonly used in the
analysis of the data is not compatible with a dynamical
model. In addition, we have explicitly demonstrated,
analytically in Sec. II and numerically in Figs. 5 and 6,
how the cusp effect arises from the mass difference be-
tween the intermediate 7% and 7 n states.

To close, we need to emphasize that the FSI calcula-
tion is sensitive to the off-energy-shell behavior of the em-
ployed 7N model. This has been pointed out by Yang.’
The phenomenological separable 7N model employed in
our study is certainly not very satisfactory theoretically,
although it can accurate describe the 7N phase shifts up
to 500 MeV. In the future, it is necessary to investigate
the problem using a 7N model constructed also from an
effective Lagrangian which accommodates the low-
energy theorems. Only by using such a full consistent
description of both the hadronic and electromagnetic ma-
trix elements, can the low-energy theorem be truly tested.
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