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Abstract

This thesis falls naturally into two parts, in each of which we consider a few-
nucleon reaction at intermediate energies. Pion-nucleon scattering is discussed in
the first three chapters, and deuteron photodisintegration in the last three. The
first chapter of each part contains material concerning the interaction generally. In
the second chapter we describe our model of the process. In the last chapter of
each part the predictions of this model are compared with the experimental results
available in the literature.

An effective lagrangian model is found to be quite successful at describing pion-
nucleon scattering, although it was not possible to determine all the tunable param-
eters of our model. This difficulty was exacerbated by ambiguities in the method
by which unitarity was imposed on the partial wave amplitudes. The large values
of K, implied by the vector meson dominance model of p(770) exchange could not
be reproduced. A suggestion by Williams [1] for the spin-2 propagator was found
to be unsuitable for describing A(1232) exchange in pion-nucleon scattering, as
compared with the unitary propagator, however the propagator can be salvaged to
some extent if an ad hoc modification is made to the invariant amplitudes obtained
from it.

For energies below about 75 MeV we are able to fit the experimental data on
deuteron photodisintegration quite well, provided we perform our calculations using
one of the coordinate space forms of the Bonn potential [2]. We are unable to fit
the forward and total cross-sections in this energy range using the parameterised
Paris [3] or Moscow [4] potentials, or without using the 17E mismatch correction
arising from the modified current conservation method we discuss in section 5.1. At
higher energies the global fit obtained using the Bonn potential is rather good, and
much better than previous attempts. The data again underdetermine the model’s

tunable parameter set.
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Chapter 1

Introduction

This first part of the thesis concerns the theory and results of an effective la-
grangian model of low energy pion-nucleon scattering, which was published in Bofin-
ger and Woolcock [5]. Chapter 2 describes the theoretical basis for the model, and
compares it with several of the better known models of this kind in the literature.
Chapter 3 describes the procedure and results of our attempt to fit the predictions
of the model to phase shift analyses of experimental data, and some conclusions
which can be drawn from them.

In section 1.1, we discuss what we hope to achieve with our model, and the
philosophy behind some of its features. The remaining sections of this chapter
concern the formalism of pion-nucleon scattering, and general theoretical concepts

such as isospin and the partial wave expansion which apply to any model of the

process.

1.1 Motivation

Although it has long been well-established that hadrons possess a quark and
gluon substructure, such structure tends to manifest itself explicitly only at very
high energies. At present, little can be done to use this substructure to predict the
behaviour of hadrons at low and intermediate energies.

In an effective lagrangian model of pion-nucleon scattering hadrons are treated
as fundamental, usually pointlike objects with known quantum numbers. This is
a low energy expansion, in the same way that a free quark model is a high energy
expansion. We truncate the expansion by considering all the hadrons with quantum
numbers of interest to our reaction and with masses up to some reasonable limit,

and by limiting ourselves to tree diagrams.
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A disadvantage of such an approach is that one tends to inherit a large number
of tunable parameters in the form of particle masses and coupling constants. Some
of these (most obviously, the nucleon mass) can be fixed by appealing to the results
of other experiments. Others, however, must be fixed by comparing the model
predictions with experimental results, or nearly experimental results such as phase
shift analyses. If the model is to have any predictive value it is essential that the
number of such parameters be kept to a minimum. If these parameters can be well
determined then they can eventually serve as data for comparison with the results
of calculations using QCD, and for fixing parameters in effective lagrangian models

of other processes, such as deuteron photodisintegration.

Our model is similar to that of Olsson and Osypowski [6], and our principal
motive in evolving our model was to correct several perceived deficiencies in theirs.
The most obvious weaknesses in the Olsson and Osypowski model are the param-
eterised diffractive and o contributions to the isospin-even invariant amplitudes.
We discuss in subsection 2.5.2 why we do not regard the diffractive contribution as

necessary.

The o contribution is a consequence of the strong attraction between two pions
in a scalar isoscalar state. It cannot be ignored, but neither we nor Olsson and
Osypowski have attempted to model it in a manner that could be given a field
theoretical justification. We have replaced Olsson and Osypowski’s functional form
with one which adheres more closely to the form such a near-resonance would

produce.

The most important motivation for this model was the suggestion by Will-
iams [1] of an alternative spin-2 propagator. Preliminary calculations by Jaus and
Woolcock [7] had suggested that in the absence of the diffractive contribution the
alternative propagator gave much better results at threshold than did the unitary
propagator. As we shall show in subsection 2.2.3, however, the alternative propa-
gator contains a serious flaw which requires an ad hoc correction.

In addition, we attempt to test the theory of vector meson dominance. Unfortu-
nately, doing so requires the introduction of new parameters in the vector-isovector
t-channel exchanges, whereas in Olsson and Osypowski’s model vector meson dom-

inance is used to determine them.

One might hope for a such a model of pion-nucleon scattering to remain a good

quantitative description for laboratory pion energies up to 250 MeV.



1.2 Kinematics

We consider the reaction

N(p') + 7(¢") — N(p") + 7 (¢"), (L.1)

where p',p",q',q" are 4-momenta. The sixteen components of p’,p", ¢, ¢" are not,
of course, all independent. Energy and momentum conservation p’ + ¢’ = p” + ¢”
removes four degrees of freedom, and requiring the incoming and outgoing particles

to be on the mass shell p? = p"? = m?, ¢ = ¢

= m2 removes another four.
Invariance under “boost” (rotationless Lorentz) transformations removes another
three degrees of freedom. We can see this from the centre-of-mass reference frame,
in which p' + ¢’ = p" + ¢" = (W,0), where W is the centre of mass energy of
the system. We can remove two degrees of freedom from the incoming particles by
fixing an axis at the (centre of mass) direction in which the pion enters the reaction,
and one degree of freedom from the outgoing particles by fixing another axis normal
to the scattering plane. The scattering event is thus completely described by two
kinematic quantities, for instance the centre of mass energy of the system and the
angle between the incoming and outgoing pions in that frame.

It is convenient and conventional to describe scattering events in terms of the

Mandelstam invariants

s = (P' + q/)z — (pu + q//)2
t= (p/ _ pn)z — (qn _ ql)2
u= (pl _ qll)2 — (pll _ (],)2. (1'2)

It is not hard to show that

s+t+u=q'2+q"2+p'2+p”2
=2(m? + m2), (1.3)

so there are only two independent invariants. At the 7N threshold s = (m +m,)?,
u=(m—m,)? and t = 0.

We will find it useful to relate the Mandelstam invariant s to the magnitude ¢
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of the centre of mass momentum of any particle by

g = = bt ma)o = (m = o) w0

and to the laboratory frame pion kinetic energy by

(s = (m+mo)?)
2m

lab __
T> =

(1.5)

The other Mandelstam invariants can be related to the centre-of-mass angle 8 be-

tween the momenta of the incoming and outgoing nucleons using (1.3) and

t = —2¢*(1 — cos ). (1.6)

1.3 Partial Wave Decomposition

Derivations for the formulae in this section can be found in Pilkuhn [8]. Through-
out this section we omit isospin indices.

The fundamental description of pion-nucleon scattering is via the S-operator,
which takes an incoming state |in) to an outgoing state |out) = S |in). Since the
trivial case |out) = |in) corresponds to S = 1, the identity operator, it is usual to
separate the S-matrix into scattering and non-scattering components by defining

the T-matrix through

(FIS i) = (fli) +i@n)*'6W (' + q' — p" — ¢") a(p")Tu(p'),

(1.7)

where |f),|i) are the final and initial states. The kinematic factor after the é-

m
2/mT + ¢y /m2 + ¢

function makes the factor wTu Lorentz invariant by compensating for our normal-
isation
(3)(pn _ P')- (18)

The T-matrix is a 4 by 4 matrix function of state momenta. For plane wave

a(p")u(p’) =

2V T ¢
m

states, Lorentz invariance and the Dirac equation allow us to reduce this to an ex-
pression containing just two scalar functions of any two of the Mandelstam variables

s,t,u. It is usual to write
T =—-A(s,t,u) — B(s,t,u)y- Q, (1.9)

where Q = 1(¢' + ¢”) and it is understood that only two of s,t,u are independent.
The functions A, B are known as invariant amplitudes and are free of kinematic

singularities (see Bransden and Moorhouse [9]).
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The two invariant amplitudes A and B can be related to the spin flip and
non-flip amplitudes f and g by

fi(s, t,u)= %:Tm [+A(s,t,u) + (W —m)B(s,t,u)]
Fals tyu) = g T [ A(s, ) + (W 4 m)B(s, )] (1.10)

and

f(s,0)= fi(s,t,u) + fa(s,t,u)cos b
9(3,0) = '—f2(3ata u) Sino) (111)

where W = /s, E = y/m? + ¢%, and 0 is the angle between the incoming and
outgoing nucleons in the centre-of-mass frame (see section 1.2).

Finally we expand f; and f; in terms of states L(zr)2i+1) of definite isospin I,
orbital angular momentum ! and total angular momentum ! + ;. Here L stands for
S(I=0),P(=1),D (I =2), and so on. We will later truncate the expansion
at | = 1 for purposes of calculation. This gives us six partial waves Sq1, Sa1, P11,

P31, P13 and Pj3, with corresponding amplitudes f,(il)(s). Then using z = cosf,

t = —2¢*(1 — cos 8) we can rewrite fi, f2 as functions of s,z to obtain
fiso) = 5 [ dz[P(@)fils,2) + Pua (@) fols, ). (1.12)
The unitarity condition must be satisfied separately by each partial wave
Im fis(s) = qlfie(s) P, (1.13)
which leads to
fia(s) = %e*&ﬂs) sin 61a(s) (1.14)

where 6,4 is real. the quantities §;+ are known as the phase shifts. Our model will

be tested against phase shifts calculated from experimental results.

1.4 Isospin and Crossing Symmetry

In pion-nucleon scattering the initial and final states contain one pion with

isospin 1 and one nucleon with isospin % Thus, any initial or final state can be

expressed as a superposition of states with total isospin 3 and states with total

1
isospin 3. We denote amplitudes of definite total isospin with the superscripts ()

and (‘3).
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In our model we implicitly assume invariance under rotations in isospin-space,
i.e. that the transition matrix (I”, I}| S |I', I}), where I',I" are the initial and final
total isospins and I}, I§ are their components along some axis, is diagonal and
that the matrix elements are independent of I3 and I3. The most important effect
neglected here is the mass difference between protons and neutrons, and between
charged and neutral pions.

It is often convenient to work with the isospin-even (under the exchange of par-

ticle labels) and isospin-odd amplitudes, which we will denote with the superscripts

(+) and (). These are defined by
Tyo = THmy, 7.} + TOLmy, 7] = TP, — T iegpere, (1.15)

where T stands for any amplitude, T is a vector whose components are the Pauli
matrices and the indices a,b refer to incoming and outgoing pions respectively.

They can be related to the amplitudes for definite isospin states by

1 3
T = 17() 4 27()
1 3
70 = 17G) _ 17G), (1.16)

Hamilton and Woolcock [10] have pointed out that assuming charge indepen-
dence is not strictly necessary, since we can take appropriate linear combina-
tions of the amplitudes for the reactions used most commonly in experiments, i.e.
7t 4+p—oat+pand 7~ +p — 7 + p, as our definition of T(),

Inspection of figure 1 shows that the contributions of the diagrams in figure 1
(a), (c) and (e) are balanced by the analogous contributions 1 (b), (d) and (f).
From this we can show that our model satisfies crossing symmetry. The crossing

symmetry condition for pion-nucleon scattering is (see Bransden and Moorhouse
[91)

A®) (s, t,u) = £AB*(u,t, )

B®)(s,t,u) = FB®)*(u,t,s), (1.17)
but since in our model all the invariant amplitudes are real until the unitarisation

procedure is performed, we can ignore the complex tonjugate symbols when dealing

with invariant amplitudes at the tree level.
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A useful feature of crossing symmetry is that the contribution from any one of
the crossed diagrams figure 1 (b), (d) or (f) can easily be obtained from its direct
equivalent figure 1 (a), (c) or (e) by the substitutions

A (st u) = AD(u,t,s)
B©)(s,t,u) = — BW(u,t,s). (1.18)

12



Chapter 2

Description of the Model

To develop our model of pion-nucleon scattering, some of the Feynman dia-
grams known to contribute to the invariant amplitudes are evaluated. All these are
tree diagrams involving known resonances, except for a parameterised contribution
needed to describe the strong attraction between pions in a scalar isoscalar state.
All these diagrams are shown in figure 1 and discussed in section 2.2. The most
difficult question is the proper handling of the spin—% propagator, which is discussed

in section 2.1.

The amplitudes are then projected into the first six partial waves S;1, Sa1, P11,
P3;, P13 and P33 as described in section 1.3. Some of these contributions involve
free parameters, such as coupling constants, that cannot be determined from other

experiments.

Since all the diagrams evaluated are tree diagrams the resultant partial wave
amplitudes are real. The unitarity condition is therefore not satisfied. Instead,
unitarity is imposed on the amplitudes by means of one of several ansatze. This

procedure is discussed in section 2.4.

In section 2.5 we consider differences between our model and other models of
pion-nucleon scattering. In section 2.3 we discuss certain dispersion theory related

constraints. We will later impose these constraints for some of our fits.

The resultant phase shifts from the model can be compared with those from
analyses in the literature, provided the free parameters in the model are fixed. We
use a mechanical optimisation procedure from the Numerical Algorithms Group
[11] to minimise a measure of poorness of fit by varying the free parameters. The

results of this are discussed in chapter 3.
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2.1 Spin—-g- Propagators

When quantum field theory is used to derive the correct propagator for a spin-%
particle, it becomes necessary to choose a gauge. This introduces an ambiguity,
since not all choices of gauge give the same result for the propagator, and the
propagators derived do not lead to the same results at tree level.

All the gauges we discuss are special cases of the renormalisable gauge R, which
contains the arbitrary parameter £. Each choice of gauge leads to a propagator with
a specific disadvantage when used to evaluate tree diagrams. The most important
special cases of the renormalisable gauge are { = 0 (the Landau gauge), 1 (the
t’Hooft-Feynman gauge) and co (the unitary gauge).

The unitary propagator, which is usually chosen, is obtained using the unitary
gauge. The alternative propagator is derived in a quite different manner, but it
has the same advantages (good behaviour at high energy) and disadvantages (a
singularity when the spin-% particle is on the light-cone) as we would expect from
a propagator derived using the Landau gauge.

Both Moussallam and Soni [12] and Nieuwenhuizen [13] choose the unitary gauge
(for different applications) without stating their reasons. The principal disadvan-
tage of the unitary gauge is bad behaviour at high energies. The principal disadvan-
tage of non-unitary renormalisable gauges is the pole at k* = ¢ M%, which has the
same effect as a spurious resonance of mass /EMa (see Guidry [14]). Effectively,
the unitary gauge has its spurious resonance at infinite energy. Since our model
is only intended to be accurate at low and intermediate energies in any case, the
unitary gauge is the natural one to use.

We do not consider the t’Hooft-Feynman gauge. Its most obvious drawback is
that the pole at k* = M3 is now of order two, so that the phase shift near this
energy will not behave like a resonant phase shift. Since this is a region of great

interest in pion-nucleon scattering, it is clearly inappropriate to use this gauge.

2.1.1 The Unitary Propagator

By setting £ = oo (i.e. the unitary gauge) in the most general possible form of
the propagator for a massive spin-2 particle in the renormalisable gauge we obtain

what we shall for convenience call the unitary propagator, namely

(k) = i(k? — M2 + i)™ (v - k + Ma)

14



1 1 2
X (—g““ +37"" + 3 " (VK = k") + 3 W k" k

1 [2(A*+1) .., 2(A+1)
6M§[2A*+17k T AT
2 * * BaV

kY

2441 |24 + 1)2

where the parameter A is arbitrary except that A # —%.

This propagator was originally obtained by Fronsdal [15] and by Aurilia and
Umezawa [16] using a somewhat different method. They constructed the most
general possible lagrangian containing only first derivatives of the spin-2 field. The
number of arbitrary parameters in the propagator and vertices can be reduced to
one by the application of very general principles, and it can be shown that physical
quantities do not depend on this parameter A.

The conventional choice is A = —1, which greatly simplifies the expression. We

show the propagator in the symmetric form suggested by Nieuwenhuizen [13],

15, (k) = ~i(k* — M3 +1ie)™"

k* kY
(-5

Ao em(r L)) e

An alternative form for this propagator is

5, (k) =i(k* — M3 + i)™ (v k + Ma)
1 1 2
X [—guv + 57;4'71/ + M(’Yﬂku = k) + mkukv] ,  (2.3)

and this is the form most commonly seen.

2.1.2 The Alternative Propagator

The propagator suggested by Williams [1] was originally derived by Behrends

and Fronsdal [17]. We start with the rest frame spin-% projection operator

v v 1 v
0. =g =3 (2.4)

and generalise to an arbitrary frame by using the covariant ansatz

9. — g — kuk" [
Vo= (95 — kuk? [K%)7s. (2.5)
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From this we obtain the spin—% propagator

Y (k) =i(k* — M2 +4e) "' (v - k + Ma)
1

1
X ("gw + 57;/)’1/ + 352 (Yu - kky + kyy - k')'u)) . (2'6)

This propagator behaves qualitatively differently from the unitary propagator
in a number of ways. Firstly, the propagator is pure spin-%; all spin-% components
of the wave function are annihilated by it. As a consequence of this the propagator
(as remarked by Benmerrouche et al [18]) is not invertible. The propagator also
annihilates the z-dependent off mass-shell part of the 7TNA vertex. From a practical
point of view this also means that the expressions (e.g. for invariant amplitudes)
obtained using this propagator are simpler than those obtained using the unitary

propagator.

The most serious problem with this propagator is the existence of the 1/k?
singularity. This is equivalent to adding a spurious massless spin—% state to the 7N
spectrum. Although m = 0 lies well outside the possible range of centre of mass
energy of the system, the exchange of the massless particle in the u-channel has
a catastrophic practical effect. An ad hoc solution to this problem is discussed in

subsection 2.2.3.

2.2 Exchanges

The basis of an effective lagrangian model of pion-nucleon scattering is the
tree diagrams of figure 1 (a) through (g). We treat the hadrons as though they
were fundamental, and assume isospin invariance. This allows us to use the vertex

functions and propagators for fundamental particles of those quantum numbers.

The greatest sources of uncertainty in this part of the the model are associated
with the correct forms for the propagator for a spin-% particle and the coupling
at the pNN vertex, and with the empirical need for the additional scalar isoscalar

t-channel exchange shown in figure 1 (h).
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2.2.1 Nucleon Exchange

The tree level diagrams for nucleon exchange are shown in Figure 1 (a) and (b)

respectively. To evaluate these diagrams we need the spin-% propagator
P(k) = i(k* —m?* +ie) " (v - k +m), (2.7)

where k is the momentum of the internal nucleon line and € is small and positive.

We also require the pseudovector 7NN vertex

V(PV) = {;:m’)’ * q75Ta, (2.8)

for the process N(p) + 7%(¢q) — N(p + ¢q), where a is the isospin index.

Intuitively one might expect pseudoscalar coupling

V(PS) = grnunTY5Tay (29)

to be preferred over pseudovector coupling on grounds of simplicity. Also, pseu-
doscalar coupling has been preferred in the past because it leads to a renormalisable
field theory. Because the lagrangian associated with pseudovector coupling, unlike
that associated with pseudoscalar coupling, exhibits chiral symmetry, pseudovector
coupling is today preferred. Also, the predictions made by SU(3) and Cabibbo the-
ory for pseudovector coupling constants f accord much better with experiment than
those that assume pseudoscalar coupling (see Pilkuhn [8]). Finally, pseudovector
coupling has been found (see Jaus and Woolcock [19]) to give better results than
pseudoscalar coupling when used for the NN vertex in deuteron photodisintegra-
tion. Pseudovector and pseudoscalar coupling are equivalent if the diagrammatic
expansion is not truncated, and hence are equally valid in principle (see Cooper et
al [20]).

The two parameters in these functions (the nucleon mass m and the coupling
constant fryy) are very well determined from experiments other than those we are
attempting to fit, so there is no need to treat them as tunable parameters in our
model. We use the physical nucleon mass m = 939MeV and f2,, /47 = 0.079 from
Dumbrajs et al [21].

It is then easy to calculate the nucleon tree-level contributions to the invariant
amplitudes. The result, as given by Olsson and Osypowski [6], is

2

AP (s,u) = N 4m (2.10)

™
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AL (s,u)=0 (2.11)

(+) _ foun  4mP(s —u)
By (s, u)= m2 (u —m?)(s — m?) (2.12)
2 2 2, _ 9,4
B](v_)(s’u)___f,rNNQ(su+ms+mu 3m?) (2.13)

m2  (u—m?)(s - m?)

2.2.2 N(1470) Exchange

Although the energy range of our fit is well below the N(1470) resonance, the
contribution to the Py; wave due to diagram 1 (e) becomes noticeable around 250
MeV. Since the N(1470) resonance has quantum numbers identical to those for a
nucleon, it is trivial to include diagrams 1 (e) and (f) in our calculation and we do
so for completeness as much as accuracy. The calculation is a trivial generalisation

of subsection 2.2.1 and we obtain

Al(qd.)(s) = fone (M + My )(s — m?)

mzf S - Mgt
@)y Jone (8 +2mMy+ + m?)
Bnt ( )"’ m12r s — M,?. . (214)

This leads to two new parameters, My» and fryy+. Since the N(1470) resonance
corresponds to a laboratory pion energy of approximately 500 MeV, it is obviously
impractical to attempt to measure the mass of the N(1470) using experiments up
to a maximum laboratory frame pion energy of 250 MeV, which is effectively what
we would be doing if we were to permit My« to vary freely. We fix its mass at 1450
MeV. Such experiments can, however, provide some information about the value
of frxn+ as long as My« is fixed, so we shall allow fryy+ to vary as a free parameter.

We would expect f2,,./47 & 0.015, the value given by Ericson and Weise [22].

2.2.3 A(1232) Exchange

The tree level diagrams for A(1232) exchange are shown in figure 1 (c) and (d).
The most general form for the vertex N(p) + 7(q) — A.(p + ¢), neglecting isospin,
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1s

Vu(mNA) = f;: 2 (gu + 2747 - 9)s (2.15)

™

where z is an arbitrary constant. The term containing z describes only the off
mass-shell behaviour. Unlike the nucleon case we do not feel it is possible to decide
which combination of couplings is preferred.

The debate over spin-% propagators is described in section 2.1. For the unitary
propagator (2.2) or the alternative propagator (2.6) it is possible to obtain the tree-
level contributions to the invariant amplitudes. The two propagators are identical
on mass-shell, and hence give very similar results near the A(1232) resonance. The

invariant amplitudes for the unitary propagator are

2
(d) 1 faa 1
Aa(s,1) = 6M3 m? {S—Mgws

x [(mi(m +2Ma) + (m® - ME)(2Ma ~ m))
X (mx +m+ Mp) (me —m — My)
+3M3 (m + Ma)i]
+ [-5(22 + 1)(4Maz + m(2z — 1)) + 2m%(Ma + m)

+M2(2Mp +3m) + 4Mam?2(22 + 1) +2m3(22° = 1)| }, (2.16
A

(d) _ 1 fverA 1
Ba'(s,t) = 6MZ m2 {s — M2 +ie

X [(mfr —m? 4+ 4mMu — MZ)
X (myz+m+ Mp)(mr —m — Ma) +3M2t]
+ [s(22 +1)? + 2(22 + 1)m?

+2(82% + 4z 4+ 1)mMa + 2(22% — 22 — 1)m? + Mz] } (2.17)

We obtain T, ,‘;) in the same manner or by the substitutions (1.18). From these

we obtain Tl(;h) for either propagator using (see section 1.4)
180 = 2 (+780 + 1)
{7 =1 (-1 + 1Y), (2.18)

where T stands for A or B.

For the alternative propagator we obtain rather simpler expressions:
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d 112 1
A(A)(s,t) =% n:’; Py el 3(Ma + m)t — (3m + 2Mp)s

+2(Ma + 2m)m? 4+ 4(Ma + m)m?

—l(m2 —m2)(m® — 2Maym? — mmf,)] (2.19)

S

B@ 1 1
A= r
6 mZ s— MJ +1¢e

~Ln? - m)o = = M) (2.20)

[—3t—s+2(m,2,+3m2+mMA)

S

The alternative propagator has the advantage of annihilating the off mass-shell
part of the vertex, so that the invariant amplitudes are independent of z. Also, as
noted in Jaus and Woolcock [7], its predictions for the threshold P-wave amplitudes
are much better than those for the unitary propagator.

A serious practical problem with the alternative propagator is the 1/k? singular-
ity. This leads to a 1/s singularity in the direct contribution T.? described by 1 (e)
and a 1/u singularity in the crossed contribution T 9 described by 1 (f). The point
s = 0 lies far from the physical region and so the 1/s singularity does not lead to
unphysical results. However the 1/u singularity leads to a logarithmic singularity
in the partial wave amplitudes (before unitarisation) at T)**> ~ 340MeV. This is a
catastrophic failing, even at the relatively low energies we are considering.

In an attempt to save the good features of the alternative propagator, we can
attempt an ad hoc modification of the amplitudes it produces. We replace the

amplitudes ng)(s) (where T' = A or B) by Téd)(s,t), and require that:
1. Téd)(s, t) is analytic for all s # M3, removing the singularity at s = 0,

2. T(d)((m +m,)%0) = Tgi)((m +m,)?,0), retaining the good results at thresh-
old,

3. T (d)(s t) is bounded for |s| — oo, making the large s behaviour no less phys-
ical than that of T (s,1).

4. T, (d)(s £)—T(s, t) is a function of s only (note that ¢t =0 at s = (m+m,)?).
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These conditions enforce a unique prescription

MZ (s = (m 4+ mx)?)(s = (m — m,)?) lim(stgd)(s,t)) (2.21)

(d) _ p(d)
TA (3, t) - TA (S, t)+ (3 _ MZ)S(m + mW)Z(m — mﬂ)Z s—0

which corresponds to making the replacement

1 2m? +2m2 — s
- =
s (m4+mg)2(m—mg)?

(2.22)

in the invariant amplitudes. We obtain

« 1 f2 1
A(Ad)(s,t) == nsz P [— 3(Ma +m)t — (3m + 2Mj)s

+2(MA + 2m)m2 + 4(MA + m)mf,
s —2m? —2m?
(m —mz)?(m + ma)?

(m? — m2)(m® — 2Mpam? — mm:)] (2.23)

A (d 1/7 1
B(A)(s,t)=6 njzAs—MZ e — 3t — s+ 2(m2 +3m® + mM,)

s —2m? — 2m?
(m — mg)%(m + my)?

(m? —m2)(m? —m? — 2mMA)} , (2.24)

and this modified form of the invariant amplitudes obtained using the alternative
propagator is the one we use for comparison with experimental results.
An alternative ad hoc modification would be to multiply the invariant ampli-
tudes by the factor

(1+¢*/A%)7" = (s glozims m,)i)lg —(m - m")z)) s, (2.25)

where ¢ is the magnitude of the three-momentum of the pion or the nucleon in the
rest frame. Such a factor could be thought of as a form factor accounting for the
finite size of the TNA vertex.

This modification has a number of drawbacks relative to the previous one. It
introduces a new parameter A, whose physical significance is unclear. From a

theoretical standpoint the modification produces its own singularities at

s = m? 4 m? — 2A% £ 2,/(A? —~ m2)(A? — m2), (2.26)

although there exist choices of A for which these are far enough from the physical

region not to be a practical problem. Finally, the fits to experimental data obtained

with it are not as good as those obtained with the previous modification.
Regardless of which ad hoc modification is used, we obtain the crossed ampli-

tudes by the formula (1.18), thus explicitly retaining crossing symmetry.
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2.2.4 Isospin-Odd t-channel Exchanges

As discussed by Ericson and Weise [22], t-channel exchanges in the energy region
of interest to us are dominated by the exchange of bosons with I = J = 1, and by
the poorly understood exchange of two pions in an I = J = 0 state. The former
contributes to the isospin-odd amplitudes.

There are two established vector-isovector mesons below 2 GeV, known in Par-
ticle Data Group [23] as p(770) and p(1700). We model them with an effective
vector-isovector meson p, whose mass and coupling constants we allow to vary.

Aside from the propagator for a massive spin-1 particle
P (k) =1i(k* — m2 4 ie)~ (¢* — K kY [m?) (2.27)

we require the vertices

Va(p'm°1%) = —Gpnr(q, + q)i€™, (2.28)
and
1 . zI(P A %
Vi NN) = =igo (1 + 5 Lok 7, (2.29)

where k, ¢’, ¢" are the 4-momenta of the internal line and the incoming and outgoing
pions respectively and a,b are the isospin indices for the incoming and outgoing
pions respectively. Since

ig'ikrt = %[T‘i, 7] (2.30)

it is easy to see that there is no vector-isovector contribution to the isospin-even

amplitudes. We find that

-1
- sS—u t
y -1
B\ = G,(1+ K,)m;? (1 - W) (2.32)
p

where G, = 2¢,rrgpnn(mz/m,)?. Pion-nucleon scattering is thus able to distinguish
only three parameters, G,, K, and m,. We will allow all three to vary freely, which
has not always been the case in previous models of this kind.

In practice, G, is effectively determined by the isospin-odd S-wave scattering
length. Both Peccei [24] and Olsson and Osypowski [6] use arguments from current

algebra to write G, = (m,/fx)?, where fr ~ 131.6MeV is the pion decay constant.
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K, has been identified (see, for instance, Peccei [24]) with &y, the isovector
magnetic moment of the nucleon. Olsson and Osypowski [6] go further than this,

making the replacements

(1 - —t-) T LRVt and

my
K, (1 - i) T L (2.33)
P m? 2 \t)s

the isovector electromagnetic form factors of the nucleon. These arguments are
based on vector meson dominance, the principle that the nucleon’s electromag-
netic interactions are mediated almost entirely via vector-isovector meson exchange.
Since, however, a simple quark model that makes no reference to the strong inter-
action at all (see Close [25]) can give quite a reasonable value for kv, it is hard to
see how this is justified. Also, Bernstein [26] has shown that simple vector meson

dominance does not connect ky with K.

The mass m, represents an effective mass for the combined effects of the two
mesons being exchanged. Since we have no way of knowing the relative importance
of the two mesons we allow the mass to vary freely. If structure at the pNN vertex
gives rise to a form factor (see, for instance, Peccei [24]) this will also be difficult to
separate from a change in mass. Hence m, must also be considered to represent any
structure at the vertices. One would expect that the exchange of p(770) mesons
is considerably more important than that of p(1700) mesons, so if we assume that

structure at the vertices can be neglected then we expect m, ~ 770 MeV.

2.2.5 Isospin-Even t-channel Interactions

Although the so-called ¢ meson is no longer considered to be a true resonance,
it is known that a strong attraction exists between low-energy pions in a scalar
isoscalar state. This attraction cannot be explained by reference to the established
low energy resonances fo(975) and f5(1400) (Particle Data Group [23]). It is there-
fore inappropriate to model the ¢ as a true meson.

In the absence of a successful model for this interaction, we are forced to make
a pure parameterisation, from which we cannot hope to extract any physics. Since
the two-pion state has spin and isospin zero, it will contribute to the AMt) invariant

amplitude.
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Olsson and Osypowski [6] model this interaction as a simple second degree
polynomial in ¢. This seems a poor choice of analytic form, since it must behave
very poorly as t — +oo (although ¢ — 400 is of no interest to pion-nucleon
scattering). Instead, we use an analytic form inspired by dispersion theory.

AM(t) can be expected to satisfy the twice-subtracted dispersion relation

2 o dt'a(t)

() =
AT(t) = a+bt+ o t'2(t’ % (2.34)
where
1 o dt o(t)
b=~ A = (2.35)

and the unknown weight function o(t) is adequately smooth. We know that the
third term behaves as t2 for small ¢t and as —bt for large |t|, so we choose a param-
eterisation which has these properties, namely

bct2

A5,+)()—a+bt+b

(2.36)

which is in fact bilinear. This leaves three parameters to be determined by com-

parison with experiment, the same number as in Olsson and Osypowski [6].

2.3 Dispersion Relation Constraints

The unphysical point v = ¢t = 0, where v is defined to be (s — u)/4m, is of
special interest. It is possible, using only very general principles such as analyticity,
crossing symmetry and convergence at infinity to extrapolate certain combinations
of invariant amplitudes from the physical region to that point.

Gasser et al [27] and others have studied the expansion

D(+)(V, t)= A(+)(I/ t) + VB(+)(1/, t)
_ dg+) n d(+) 24 dg‘f)t + higher terms, (2.37)

and obtained the coefficients dS) = —1.492(24), d{Y = +1. 138(27). Note that
crossing symmetry requires the function be even in v.
These quantities are obtained from experimental data on pion-nucleon scatter-
ing, using only very general properties of the amplitudes. They are thus almost
independent of the model of pion-nucleon scattering we adopt. For this reason, and

because they have been so stable, some authors (e.g. Olsson and Osypowski [6])
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have argued that models of pion-nucleon scattering should be required to satisfy
this calculated behaviour at v =t = 0. There are several arguments against such
a course, however. Given that the model will be expected in any case to satisfy
the physical data which were used to make the extrapolation, requiring the model
to satisfy the extrapolations is less a test of its physical predictions than of its
analytic form far from the physical region. Second, there is already good reason to
believe that the analytic form is faulty, since the invariant amplitudes of our model
certainly do not have the correct high energy behaviour.

We make fits to experiment both with and without imposing the conditions of
Gasser et al [27]. The imposition of such conditions effectively reduces the number

of parameters in the fit by two.

2.4 Unitarity

If we neglect processes whose final product is not a pion and a nucleon, particle
number is conserved and hence we expect the partial wave amplitudes to satisfy
unitarity. The only such process relevant at our energies is pion production, 74N —
® + 7 + N, which becomes possible at T)*> ~ 170MeV. Since pion production is
quite small even at 250 MeV, it is reasonable to impose unitarity on our partial
wave amplitudes. For instance, the 7N channel accounts for more than 99% of
A(1232) decays (Particle Data Group [23]).

By summing the contributions discussed in section 2.2, we obtain (real) approx-
imations to the (complex) S- and P- partial wave amplitudes. Each partial wave
amplitude can be expressed as e*sin§, where § is known as the phase shift and
Im (6) > 0. To satisfy unitarity, § must be real. Obviously only the trivial case
6 = nm, n integer, gives a real amplitude. Physically, the imaginary part of the
amplitude, along with additional contributions to the real part, derives from higher
order diagrams. Our task is to approximate the higher-order (non-tree) diagrams
to enforce unitarity, using only our knowledge of the tree diagrams.

There are infinitely many possible unitarisation procedures, none of which is
obviously preferred to the others. In our case the unitarisation technique used will
make a significant difference only in the case of the P33 partial wave. Ericson and
Weise [22] use the K-matrix prescription, where tané is identified with the tree

diagram amplitude. In such an ansatz, the resonant phase shift passes through 90°
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at s = M?, where M is the mass of the resonance.

Several unitarisation techniques can be considered members of the one param-

eter family
tan dp + tan ép

tan § = ,
an 1+ Mtan égtan ér

(2.38)

where 6 is the total phase shift. g and ér are the phase shifts obtained by the
K-matrix prescription from the background and resonant parts of the tree diagram
amplitude. The parameter A is +1 (Olsson [28]), 0 (K-matrix) or —1 (Noelle [29]).
The resonant part of the amplitude is separated from the background part in a
somewhat arbitrary way; it is the contribution from the diagram that becomes
infinite at resonance. An advantage of the K-matrix prescription here is that there
is no need to make such a separation. Some of our fits allow A to vary as a parameter.

An alternative but computationally expensive approach to unitarisation is the
iteration of a scattering equation (e.g. Pearce and Jennings [30]). Such a method
starts from the Bethe-Salpeter equation, which connects the full scattering ampli-
tude with the half off mass-shell amplitudes arising from the irreducible diagrams.
The tree diagrams figure 1 (a) through (g) are a subset of these diagrams and to-
gether with figure 1 (h) could be used as an approximation to them. This method
thus effectively includes in the calculation all the diagrams that can be reduced
to several tree diagrams like those in figure 1, but with the irreducible parts hav-
ing some or all of their legs off mass-shell. This makes it a generalisation of the
methods described above, which consider only tree diagrams with all external lines
on mass-shell. To perform the iteration in practice, however, a three-dimensional
scattering equation must be obtained by some method from the Bethe-Salpeter
four-dimensional scattering equation. As with the infinite number of possible uni-
tarisation procedures, however, there are infinitely many ways in which such a
three-dimensional equation can be obtained. Thus the iteration of a scattering
equation does not solve the problem of the lack of uniqueness in unitarisation pro-

cedures.

2.5 Comparison With Other Models

Here we compare our model with three well-known models of the same general

type. Another important model in this field is that of Peccei [24].
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2.5.1 Ericson and Weise

A very well known effective lagrangian model of pion-nucleon scattering is that
described by Ericson and Weise [22]. Although their model is quite primitive in
many ways, they do succeed in obtaining a reasonable fit to the P-wave phase
shifts. Ericson and Weise [22] start from the tree diagrams 1 (a) through (f), i.e.
their model includes the direct and crossed diagrams for the nucleon, N(1470) and
A(1232) intermediate states.

The s- and u- channel interactions are handled in a generally non-relativistic
manner; only the propagator denominator has its relativistic form, while the spin
projection operators and vertex functions are treated non-relativistically. Subtle
questions of pseudoscalar versus pseudovector 7NN coupling, and the proper form
of a spin-2 propagator, are thus bypassed.

Ericson and Weise do not attempt to fit the S-waves in the same manner as they
do the P-waves. Although they do remark that the S-wave scattering lengths are
consistent with their being dominated by p(770) exchange in the t-channel, there
is no attempt to include the s- and u-channel exchanges in the calculation of the
S-wave scattering lengths, or to describe the energy dependence of the S-wave phase
shifts. Nor are the ¢t-channel contributions to the P-waves considered.

The Ericson and Weise model provides a good qualitative fit to the most salient
features of pion-nucleon scattering. If an accurate quantitative fit is to be obtained,

however, all of the above problems must be adressed.

2.5.2 Olsson and Osypowski

The model of Olsson and Osypowski is the one which comes closest to ours.
They have contributions corresponding to 1 (a), (b), (e), (f), (g) and (h), plus a
purely parametric “diffractive” contribution we do not include. Their neglect of the
N(1470) is a deliberate attempt by them to avoid any possibility of double-counting,
which we do not regard as a concern in this case. Not including the N(1470) would
not be very serious if one were only considering the energies our model is intended to
address. However, Olsson and Osypowski consider pion laboratory frame energies
up to 310 MeV, which corresponds to a centre of mass energy of approximately
1320 MeV, not far below the N(1470) resonance. When fits to phase shifts are
performed using the model of Olsson and Osypowski, the neglect of the N(1470)
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becomes noticeable in the P;; partial wave.

Our handling of the nucleon diagrams is identical to that of Olsson and Osy-

powski. They use the unitary spin-3 propagator for the A(1232) diagrams, as do

some of our fits. They also allow the off mass-shell parameter z to vary as we do.

Rather than fitting to phase shifts, Olsson and Osypowski have chosen to follow
a suggestion of Hohler et al [31] in fitting their model to the coefficients in the
expansions of A, AV /y, B®) [y and B(-) about »? = ¢t = 0, where v = (s —
u)/4m. Since the 7N phase shift analyses available in the literature are reasonably
precise and stable, we prefer to fit to those. By fitting to the shape of the amplitudes
far from the physical region Olsson and Osypowski are relying on their model
to extrapolate correctly. In our view this cannot be expected unless the model
has appropriate high energy behaviour, which neither ours nor that of Olsson and

Osypowski does (section 2.3).

Olsson and Osypowski make use of the principles of vector meson dominance to
severely constrain the isospin-odd ¢-channel exchanges. Our reasons for believing

their arguments to be unconvincing are stated in subsection 2.2.4.

The most serious defect in the Olsson and Osypowski model is their inclusion
of a purely parameterised diffractive contribution to the invariant amplitude B,
The diffractive contribution is intended to describe the effect of non-resonant in-
elastic scattering at high energies. Although inelastic scattering is negligible at
the energies Olsson and Osypowski consider, they argue that a standard dispersion
relation demonstrates that there will nonetheless be a substantial diffractive con-
tribution at lower energies. They give several reasons for believing that there is no
significant diffractive contribution to A(+), though this is contradicted by Hamilton
and Woolcock [10]. Since both our model and that of Olsson and Osypowski con-
tain (see subsection 2.2.5) a parameterised contribution to A(*) already, we would
expect the addition of a diffractive term to be largely absorbed by changes to the
o parameters. Since they have no way to calculate the effect of their diffractive
contribution to B{*) they must use two free parameters to describe it. They do
attempt to show that the parameters that best fit the data are consistent with the
values expected for them from dispersion theory. However, we consider it contrary
to the spirit of an effective lagrangian model to isolate a diffractive part of Im B(+)
and claim that the dispersion integral over this part gives a contribution Re B(*)

at low energies which cannot be accounted for by exchanges involving low-lying
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states.

2.5.3 Pearce and Jennings

The most important difference between our model and that of Pearce and Jen-
nings [30] is the method of unitarisation. They consider a variety of scattering
equations (see section 2.4), including one which reduces to the K-matrix method
(A =0in (2.38)). They use a bare nucleon mass and 7NN coupling constant which
are determined by requiring that the known energy and coupling of the nucleon
pole be reproduced when the bare potential is fed into the scattering equation.

The model of Pearce and Jennings is intended to address pion laboratory ener-
gies up to 400 MeV, substantially higher than the 250 MeV limit we aim to satisfy.
They do not include the N(1470) resonance in their calculation, and, almost cer-
tainly as a result of this, their model predictions for the P;; wave are obviously too
low for pion energies above about 270 MeV.

Pearce and Jennings treat K, as a tunable parameter as we do. Like us they
obtained values (see section 3.2) lower than those used by the Bonn and Nijmegen

potentials, or that obtained by assuming vector meson dominance.
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(g) (h)

Figure 1: Tree diagrams representing the contributions in the model to pion-nucleon
scattering. From left to right and top to bottom they represent direct (s-channel)
(a) and crossed (u-channel) (b) nucleon exchange, direct (c) and crossed (d) A(1232)
exchange, direct (e) and crossed (f) N(1470) exchange, vector isovector t-channel

exchange (g) and (effective) scalar isoscalar ¢-channel exchange (h).
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Chapter 3

Results

The predictions of the model were compared with phase shift analyses from
[32]. Although these data are not purely experimental results, the methods by
which they are obtained are well established. The ﬁttiné procedure is discussed in
section 3.1. In section 3.2 we consider fits to the experimental data using slightly

different models and free parameter vectors.

3.1 Fitting Procedure

In order to obtain the best possible fit to these data the free parameters are

varied to minimise SE _ g )

= ZZ <_LJ_—_6[}2_(_Q) , (3.1)

i ij

where x is a measure of poorness of fit, ¢ is an index running over all experimental
energies, 7 is an index running over the partial waves Sy1, S31, P11, Pa1, P13 and
Pis, 65- + 55 is an experimental phase shift with uncertainty, and 6:-'; (f) is the
corresponding theoretical prediction when the values of the free parameters form
the vector f.

Although the x? statistic is the one normally used in such a fit, it does have some
drawbacks for this application. The usual measure of poorness of fit is x*/N, where
N, the number of degrees of freedom, is the number of ordered pairs (7,;) minus
the number of elements in f. In practice, however, we find it is always possible to
reduce x*/N by adding another free parameter to the system. Therefore a small
x2/N cannot on its own be interpreted as a successful model.

This problem is due to the fact that the x%/N measure of poorness of fit is
intended to decide whether a theory is exactly correct or not. Since all the theories

we have considered here are known to be inexact, the x? statistic is in a sense

31



being misused. The major advantage of the x? is that it permits easy and efficient
mechanical optimisation. In any case, the drawbacks of the x? statistic are likely
to be common to any algorithmic approach that uses so little information (only the
phase shift and its uncertainty) extracted from the experimental results.

An additional problem with the x? statistic is that it implicitly assumes that
the error in the phase shift associated with any :,; pair is independent of the
error in the phase shift associated with any other such pair. Simple inspection of
a phase analysis shows that this is certainly not the case, and these correlations
allow the optimisation procedure to find a smaller x?/N than would otherwise be
possible. Again, the information needed to correct this problem is not available in
the analyses we used.

It is worth noting that all these problems would be likely to occur even if a

heuristic rather than a mechanical approach were taken to optimisation.

3.2 Fits to Phase Shift Analyses

In table 3.1 we show the optimal parameter sets and corresponding minimum
values of x2/N for five different fits. Fits (1)-(3) use the standard spin-2 propagator
with different values for the parameter A in the unitarisation formula (2.38). Fit
(1) uses the unitarisation due to Noelle [29], i.e. A = —1. Fit (2) uses the K-
matrix procedure (A = 0) and fit (3) the Olsson method of unitarisation (A =
+1). Fit (4) uses our ad hoc modification of the Williams spin-2 propagator, and
Noelle unitarisation. Fit (5) is identical to fit (1), except that we have imposed the
additional constraint that certain of the constants in (2.37) should have the values
determined by Gasser et al [27], specifically d(()'g) = —1.492 and d(();r) = +1.138.

From fits (1) through (3) we see that with a standard spin-3 propagator and
no constraints from Gasser et al [27] we obtain substantially inferior fits with the
Olsson unitarisation than with either the K-matrix or Noelle unitarisations. Since
these three methods of unitarisation can be viewed as a continuum, is is interesting
to ask how x%/N behaves as A from (2.38) varies continuously. There is in fact a
very shallow minimum at A = —0.7.

As ) is varied about this point other parameters of the fit change, but x%/N
remains nearly constant. The parameters that principally change are f2, /4w,

Mpa and z, ti.e. those responsible for the behaviour of the P33 phase shift near
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s = M2. Intuitively, the change in A requires a change in M, in order to have
the energy at which the phase shift reaches 90° remain constant. The change in
My then requires changes in the other parameters to keep behaviour far from the
resonance constant. These results emphasise that in the absence of an unambiguous

unitarisation procedure it is impossible to determine the parameters associated with

A(1232) exchange.

The same ambiguity was found by Pearce and Jennings [30], who found z to
be —0.124, —0.408 and —0.311 for three different integral equations, which are
analogous to our unitarisation procedures. Determination of z is very difficult by
any other means, for instance Benmerrouche et al [18] used pion photoproduction
from nucleons but could only determine —0.78 < z < 0.30. The calculation of z is
complicated in that case by the existence of two other off mass-shell parameters z
and y associated with the yNA vertex, which are also poorly determined. These
same parameters are important to deuteron photodisintegration, so the difficulty
in determining them is disappointing,.

As discussed in section 2.2.2 our fits are not at an energy high enough to permit
the accurate determination of f2,./4m. The values we obtain vary strongly with
A and are always smaller than those used by Ericson and Weise [22] to describe the
behaviour near the resonance (which we do not reach). These results should not
be taken too seriously, since there are much better ways of measuring this quantity

than the phase shift analyses we considered.

The overall vector-isovector t-channel coupling parameter G, is very well de-
termined by the isospin-odd S-wave scattering length, so it is not surprising that
this parameter is very stable in our fits. The mass of our effective vector-isovector
meson comes out to be quite close to the mass of the p(770), suggesting either
that the I = J = 1 t-channel exchanges are dominated by that meson, or that the
other effects discussed in subsection 2.2.4 are cancelling. The non-minimal cou-
pling parameter I, varies strongly with A, but always remains much smaller than
either ky = 3.7 or the values used in the Bonn and Nijmegen potentials (6.1 and
4.3 respectively). We have discussed in subsection 2.2.4 why we do not find this
disturbing. Pearce and Jennings [30] also found a large variation in K,, though
their values were rather larger than ours: 2.254, 1.437 and 3.156. Since K, has a
strong effect on nucleon-nucleon scattering and deuteron photodisintegration it is

unfortunate that we cannot determine it better.
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The I = J = 0 t-channel exchange parameters a, b and ¢ vary considerably
with A. It is difficult to see that any physical interpretation can be placed upon
these parameters. The I = J = 0 t-channel exchange principally contributes to the
isospin-even S-wave amplitude.

From fit (4) we can evaluate the success of our ad hoc modification of the am-
plitudes arising from the alternative spin-2 propagator. The unitarisation method
used, that due to Olsson, gives much a better fit to the data in this case than do the
K-matrix and Noelle approaches. This modified fit is in many ways similar to that
of Olsson and Osypowski [6], with the new spin—% propagator replacing the diffrac-
tive contribution to the isospin-even S-wave scattering lengths. The preferred value
for K, is much closer to &y, which was used for K, by Olsson and Osypowski. This
could be considered a fairly successful fit, so it is not possible to dismiss Williams’
spin-% propagator on the grounds of poor fit to experiment, as long as the ad hoc
modification is included. There are, of course, many theoretical objections to the

Williams propagator, as we discussed in subsection 2.2.3.

In fit (5) we have imposed the values of dgg) and d((;{) obtained by Gasser et
al [27] on our fit. This causes a substantial deterioration in the quality of the fit.
Given that our model amplitudes are known to have an analytic form incompatible
with the behaviour required for such extrapolations, this is not surprising.

Since our values for x2/N are only slightly larger than 1, it is tempting to con-
clude that our model is providing a very good description of pion-nucleon scattering
in the energy range we have considered. If this is the case, we should find that each
of the partial waves makes an approximately equal contribution to x2. In fact we
find that three of the partial waves (Ss1, Ps; and Pi3) provide only about 20%
of the total. Rather than telling us anything about the model, this tells us that
the errors associated with the phase shifts in these partial waves either have been
overestimated or (most likely) are strongly correlated with each other. If this is
true of these partial waves then we must assume that it may be true of the other
partial waves. It is therefore likely that our fit to pion-nucleon scattering is not
nearly as good as the value of x?/N suggests. As discussed in section 3.1 this is

not surprising, and should not be taken to imply the model is a failure.

In figures 2-4 we show our model prediction for each of the six partial waves,
along with experimental results from [32]. The version of the model used is fit

(1), which gives the best fit. The data from references [], which were actually used
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in the fitting, are shown as closed circles with error bars. The data from Helsinki-
Karlsruhe [33], which were not, are shown as open circles without error bars.

Inspection of these graphs immediately shows us that the model is successfully
fitting the Ss;, P3; and P;3 partial waves. It is providing an excellent fit to the
P33 resonant partial wave, but because these phase shifts have been determined
so accurately compared with the dramatic manner in which they can change if a
parameter is varied there is still a substantial contribution to x%/N.

The model is having the greatest difficulty when trying to fit the S;; and Py
partial waves at high energy. It is interesting to note that the P;; partial wave
is being significantly affected in this region by the N(1470) resonance, which our
model may not handle well since it assumes that the N(1470) decays only to =N,
whereas at the resonant energy only 50-70% of the decays are to 7N (Particle Data
Group [23]).

Our model neglects all resonances above the N(1470). Considering only those
resonances with the quantum numbers needed to resonate in one of the partial
waves we have attempted to fit, the lowest such resonance is the N(1535). The
N(1535) occurs in the S;; partial wave, so it is tempting to speculate that it might
provide the needed correction. Unlike the P;; case, however, there is no evidence
of a poorly fitted rise in the phase shift near 250 MeV.

It seems possible for an effective lagrangian model to provide a reasonable de-
scription of pion-nucleon scattering up to 250 MeV, although the value of x?/N
does not really provide the objective measure of the model’s success one would
like. However the fitting process has had limited success in determining the value
of the tunable parameters of the model. In particular, the choice of ansatz used
to unitarise the amplitudes has a significant effect on several parameters, and the
non-minimal coupling parameters z and K, are very poorly determined. It is thus
not possible to use this model to determine the parameters relevant to A(1232) and

p(770) exchange in other processes, as we had hoped.
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(1) (2) (3) 4 )

Ma (MeV)| 1247 1230 1217 1217 1247
fAa/dm | 0455 0376  0.316 0.301  0.443
z —0.629 —0.550 —0.506 —0.140

2 . /ar | 0.0047 0.0088 0.0129 0.0005 0.0108

G, 1.160 1171 1.181 1.187 1.155
K, —0.474 0281 0419 3.139  0.649
m, (MeV) | 738 755 763 1077 635

a 0.631 0.691 0.730 0.115 0.858
0.313 0.408 0.547 0.436 —0.087

c 0.058 0.116 0.193 0.035  0.002
x:/N 1.102  1.155 1.472 1.233 1.504

Table 1: The optimal parameter sets and values of x?/N for five different fits to 7N
S- and P-wave phase shifts up to 250 MeV. (1) Standard A(1232), no constraints,
Noelle unitarisation. (2) Standard A(1232), no constraints, K-matrix unitarisation.
(3) Standard A(1232), no constraints, Olsson unitarisation. (4) Modified Williams
A(1232), no constraints, Olsson unitarisation. (5) Standard A(1232), d¢) and 4§}

fixed, Noelle unitarisation.
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Figure 2: Sq; (upper curve), Py; (middle curve) and S3; (lower curve) phase shifts

from fit (1) of table 3.1.
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Figure 3: P3; (lower curve) and Py3 (upper curve) phase shifts from the fit (1) of
table 3.1.
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Figure 4: P33 (resonant) phase shift from the fit (1) of table 3.1. Some of the closed

circles have error bars too small to be visible.
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Chapter 4
Introduction

This second part of the thesis concerns the theory and results of a model of
deuteron photodisintegration, published in Jaus et al [34] and Jaus et al [35] re-
spectively. Chapter 5 describes the model, and in particular the ways in which it
differs from its immediate linear ancestor, the model of Jaus and Woolcock [7]. In
chapter 6 the results obtained from the model are used to confront all the modern
data on deuteron photodisintegration observables.

In section 4.1 we place our model in historical perspective and discuss the ways
in which it differs from established models of deuteron photodisintegration. A
detailed treatment of the formalism of deuteron photodisintegration is included in

sections 4.2 and 4.3.

4.1 History

A general survey of deuteron photodisintegration can be found in Arenhdvel
and Sanzone [36]. Here we will give a brief history of some models of deuteron
photodisintegration which are conceptual ancestors of our model.

An early attempt to describe deuteron photodisintegration was made by Par-
tovi [37] (for earlier attempts see references therein). The model gave a reasonable
qualitative fit to the deuteron photodisintegration data up to 140 MeV available at
the time.

From a theoretical standpoint the model due to Partovi had several approxima-
tions. Meson e){cha.nge effects were not explicitly included, so the theory describes
only an impulse interaction, where one nucleon is a spectator to the absorption of
the photon by the other nucleon. Partovi did, however, employ an identity for the

conservation of the internal convection current. The effect of this, as discussed in
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section 5.1, is to implicitly include meson exchange in the model. For the nucleon-
nucleon potential Partovi used the Hamada-Johnson potential {38], which has a very
small singlet scattering length. Partovi suggested that better results might have
been obtained using a potential that better fitted the singlet scattering length.

Arenhovel and Fabian [39] used several different potentials in calculating the-
oretical predictions for the forward cross-section. These were compared with ex-
perimental results up to 120 MeV, but the agreement was poor. The first effort
by Jaus and Woolcock [19] was principally concerned with adding pion exchange
to a model of deuteron photodisintegration, in an effort to reduce this discrepancy.
They concluded that meson exchange effects were not sufficient to account for it,
and suggested that a better understanding of the NN potential was required. One
conclusion of this study was that the use of pseudovector 7NN coupling gave a

better fit to experiment than did the use of pseudoscalar coupling.

Jaus and Woolcock [40] then established a formalism for deuteron photodisin-
tegration. This was a quasipotential formalism that treated in a consistent manner
the deuteron bound state and continuum wave functions, and the electromagnetic
4-current. There was also a more careful treatment of the relativistic correction to
the impulse approximation, whose importance had been pointed out by Cambi et
al [41].

Using this formalism, Jaus and Woolcock [42] performed a calculation of the
forward cross-section for deuteron photodisintegration up to 120 MeV. A surprising
result was the sensitivity of the forward cross-section to charge-dependent effects,
particularly the mass difference between charged and uncharged pions. Short range

effects were found to be not important.

The calculations of deuteron photodisintegration were greatly extended by Jaus
and Woolcock [7], and a comprehensive comparison [43] with experimental data was
made. Wave functions for the deuteron and the two-nucleon continuum states were
obtained using the Paris potential. The alternative spin—% propagator discussed
in subsection 2.1.2 was used instead of the conventional unitary one. The model
included one meson exchange both with and without the excitation of A(1232)
intermediates, and made use of a current conservation law whose justification was
flawed. It was found that the fit to experiment was not very good. They suggested
that this might be due either to two pion exchange effects, or to defects in the Paris

potential.
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The application of current conservation used by Jaus and Woolcock [7] was
shown by Arenhdvel [44] and by Jaus and Woolcock [45] to be impossible to justify.
The modified current conservation (MCC) method proposed by Jaus and Woolcock
[45] uses instead the identity for the divergence of the internal convection current
density used by Partovi [37]. It also became apparent that this MCC method acts
to correct for possible defects in the one pion exchange part of the nucleon-nucleon
potential. Also, the alternate spin-3 propagator was abandoned in favour of the
original one.

The results of this model were compared [35] with experimental results from
the literature. The failure to obtain good agreement with recent very accurate
measurements of the forward cross-section while using the Paris potential prompted
an attempt to compare various nucleon-nucleon potentials by using them to model

deuteron photodisintegration.

4.2 Quasipotential Formalism

For our treatment of deuteron photodisintegration we require a formalism which
provides a consistent treatment of the bound and continuum two-nucleon states.
We use the quasipotential formalism of Jaus and Woolcock [40].

We start by considering the elastic NN scattering reaction
Ni(3P +9) + No(3P — p') = Nu(3P + p") + No(3P — p"). (4.1)

As before, singly primed quantities refer to incoming particles and doubly primed
quantities to outgoing particles. We have suppressed the helicity indices. Let the
amplitude for this reaction be W; then we can use symbolic operator notation to

write the Bethe-Salpeter equation
W=U+UGW =U + WGU, (4.2)

where G is the usual 4-dimensional Green function for the two-nucleon state. The
function U is obtained by summing the contributions of all the irreducible NN
scattering diagrams, and so has meaning only within some field theoretic description
of the NN interaction. The products UGW and WGU imply sums over spinor
indices and an integration over an internal relative 4-momentum.

Since 4-dimensional equations such as (4.2) are very difficult to deal with, the

quasipotential formalism has been developed. In the quasipotential formalism the
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4-dimensional Green’s function G is replaced by a 3-dimensional Green’s function
g by fixing the timelike component of the internal relative momentum. Such a
formalism is obviously appropriate to the treatment of states which are described
by a single-time wave function, which is the case in nuclear physics scattering

experiments. Then (4.2) is replaced by
W=V+VgW =V +WygV, (4.3)
where V' is known as the quasipotential. V and U are related by
V-U=V(G-g)U=U(G-g)V. (4.4)

Since (4.4) is also a 4-dimensional equation we have not actually reduced the com-
plexity of the problem. However, one could hope to obtain V from U by expanding
in a series whose terms correspond to the exchange of bosons between the interact-
ing nucleons.

There are many possible choices for g. We shall use the covariant form of the
Blankenbecler and Sugar [46] (BBS) prescription (see also Woloshyn and Jackson
[47]). This formulation leads naturally to the Lipmann-Schwinger and Schrédinger
equations, and has the property of restricting the sum over spinor indices to positive
energy states. The covariant BBS formulation fixes the internal relative momentum
k = (ko, k) by P - k =0, which leads to
. P-k _ EGP+Ek)}?—-EGP k)

ko 2 5F, , (4.5)
where E(p) = v/m? + p?. The covariant BBS Green’s function is
g(P; k) = 2r6(ko — ko)§(P; F)AT (3Q + k)AF (3Q — k), (4.6)
where Ai",z are the positive energy projection operators,
N > 4m?
9(P; k) (4.7)

T E(P; B[P —4(m? — B)]

Q is an implicit function of P and k
. \/m? — k2

and

2 _ |2
m =P (4.9)
We shall also use the abbreviations Q' = Q(P;p') and Q" = Q(P;p"). Note that

Q - k = 0 and hence (%Q + lAc)2 = m?. Thus the projection operators Ai"'2 remain

i

E(P;k)=1Qo =

positive energy projection operators under Lorentz transformations.

43



Attaching positive energy spinors to V and W we define
V(P;p",p) = m(GP +p"Va(3P - p")V(P;p",p ) (3P +P)ua(3 P — P, (4.10)
and similarly for W. Using (4.6) we can write (4.3) as
W(P;p",p)
=V(P;p",p) + (277)"3/d3”c V(P;p", k)j(P; kYW (P; k,p)

= V(P B) + (20)7° [ERW (P, Da(P V(Pi k). (411)

Note that two kinds of spinors are used in (4.11). Where the relative momen-
tum on the appropriate side is an unrestricted 4-momentum we use what we shall
call standard spinors, as in (4.10). When the relative momentum on that side is
restricted by the BBS condition we use BBS spinors. So for instance

V(P;p", k) = 5(3P + p"Yu (3P — ")V (P;p", B (3Q + k)us(3Q — k). (4.12)

We define the fully restricted potentials Vo, Wo by

A A~

Vo = V(P; ", )
= (3Q" + p")u(3Q" — p")V(P; ", ) (3Q" + P)u2(3Q" — p') (4.13)
and similarly for Wo. From (4.11), W, satisfies the integral equations
W(P p" ., p'
= V(P;p",§) + (21)" /d3k V(P; 3", b)g(P; kYW (P; b, )
= V(P;p",5) + (27)" /d3kW (P ", B)G(P; K)V (Ps k). (4.14)

Now if there is a bound state of mass M, there will be a pole in Wo at P2 = M?,

and the bound state vertex function must satisfy
D(P;#",3) = (20) [@k V(P 3", R)I (P WID(Ps b, )
B(P; 3, 7) = (2m) [k V(P 3", B)3(P; W) (P B, 7), (4.15)

where Py = \/M? 4+ P?. The normalisation condition for D is

1=—4m [ 2m)” /dspI‘(P p) agglf;;f)

+am)™ (07, TP 3P )
oV (P; ", 5)
o(P?)

I'(P;p)

§(P )P, p)] (4.16)
P2=M?2
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From this one can show that I'(P;p) is a Lorentz invariant.
Since there exists only one two-nucleon bound state, we can set M equal to the

deuteron mass. We define a deuteron wavefunction

3(Psp) =\ 225 p )i Py ) (4.17)

and a modified quasipotential V by

V(P;p',p) = V(P; ") (4.18)

E(P ) ( 7))

where Py = \/M?2 4 P? as before. It is convenient at this time to define W from

W, in the same way, that is

m

WP 2) =\ G52 W P )\ Fp (419)
We now rewrite (4.15) as
¢(P;p) = s‘r(P;ﬁ)E(—f;—@(27r)‘3 /d3k V(P;p, k)$(P; k), (4.20)
and using the definition of g this is
M “‘Zf T4 4 Pip) = (2m) [RRT(Pip, k)P E).  (4.21)
Using (4.16), the normalisation condition for ¢ is
1= (2r>-3 /d'°‘p ¢(P;p)P
m / (¢",p") (P; p") —(I;TIZ’—IZ—) . o(P;p'). (4.22)

We now transform the deuteron wave function to the rest state. The rotationless
Lorentz transform which maps the 4-vector P = (P, P) to P= (V' P?%,0) also maps
p = (fo, p) to P= (0, p), where

o pPP
- Po(Po-l-\/ﬁ)
p- PP
8m?

~ oy
~

(4.23)
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From the definition (4.17), the normalisation condition (4.22) and the invariance

properties of E, § and f‘, the quantity

2
Jp#(Pip) (4.24)

is a Lorentz invariant, and so ¢ will transform as

Po

$(0; p) = \/172¢(P; p). (4.25)
Then (4.21) becomes
02
M dmZ = 4P 40,8) = ) [ V(Bsp R)S(0: ). (4.26)

4m

This is simply the non-relativistic Schrédinger equation in momentum space. The
eigenvalue (M? — 4m?)/4m reduces to the non-relativistic eigenvalue M — 2m in
the weak binding limit, which is a good approximation in the case of the deuteron.
The above equations provide a covariant description of the deuteron in an arbitrary
frame.

Suppose that we have a two-nucleon continuum state with 3-momentum P and

relative 3-momentum p,, so that
Py =E(3P +po) + E(GP —po) = 2E(P;p,), (4.27)

where (4.27) serves to define E(P;k). Inspection of (4.7) shows that for Py =
2E(P;p,), §(P; k) is singular when k belongs to a two-dimensional manifold. To
specify the behaviour of § in the neighbourhood of this singularity we define

R 2
FIPE) = e . (a29)
B(P; k) [AE(P; po)? — P? — 4(m? — k?) % ie]

where ¢ is small and positive. The amplitude W defined in (4.19) has a cut along

the real axis of the Py-plane for

P, > 2E(P;0) = 2\/m? + 1 P2, (4.29)

We denote the two branches of W as Py — 2E(P;0) from above and below by the
superscripts (+) and (=) respectively. Then from (4.14) W @) satisfies the singular

integral equations
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W®(P;p”, p)

=V(P;p",p)
+(27)” /d"’kV(P k) —— (P b, §B(P; YW (P; k, p')

= V(P;p",p)

. E(P;k .-
+2m) [P k) D 50 (p by Pk, p). (430

Also,

WS(P; p",p) = WE(P;p!, p")
V(P;p",p) =V (P;p',p"). (4.31)

Defining the scattering wave functions

E(P; po)
m

E P;po) . ¥
x [(277)35(3)(11 ~ po) + —%—p‘ﬂg‘*)(P;p)W(*)(P;p,po) , (432

q)(i)(Pa Po?P) =

where W) is half on mass-shell, it follows from scattering theory that ®() satisfy

the inhomogeneous equations

3G (P, py; p) =

E P;p
BEiBe) (322500 p — o)

+—E(f,; D)4 Py ) am) [#1V(Pip, k)OS (P,poik).  (4.33)

On transformation to the rest frame (4.33) becomes

3&)(0, py; p \I (2 26 (p — po)

o (2m) [Pk V(B; B, k)2 (0, o3 k), (4.34)
Py — P *ie

where

(I)(i')((), 10)0; 13) =

Fo
2 (P, poi p), (4.35)
as in (4.25), with the definition of p, analogous to (4.23). The corresponding
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Schrodinger equation in momentum space is

02 02

Po P g0, py;p) = (27) /d% V(P; B, k)O®)(0, py; k). (4.36)

m

We can now turn to the process
1)+ N3P + ) + No(BP = p) = Ni(3P" + ") + Ny (3P" = ). (437)

The S-matrix for this process is related to the electromagnetic current operator

J*(0) by
(P 0" S|P P ¢,¢€)
= —i(21)72(2r)26W(P" — P' = q)e, (P"; | J*(0) |P'; ') , (4.38)

where ¢ is the polarisation 4-vector of the photon, and the single particle plane

wave states are normalised by

(k"

k') = 2E(K6C(K" — E'). (4.39)
Now define M* by
(P";p"| J#(0) | P; p') = 4m?(2x) S M*(P", P';p", p'), (4.40)

noting that M has standard spinors on both sides.
In order to address deuteron photodisintegration we need to be able to evaluate
the matrix element of the electromagnetic current between two-nucleon bound and

continuum states. The deuteron is the only bound state, and we shall denote it by

|d; P), where
P = (\/MZ + P2,P) (4.41)

is the 4-momentum of the deuteron. Considering first the matrix element between

two two-nucleon bound states, we find
(d; P"| J4(0) |d; P') = 4m(2m)° [&(p", ') (P" 5")3(P" ')
x A(P", P'; 5", g (P 9T (P §), (4.42)
where
A(P”, Pl;ﬁ”, ﬁ,)
— (271’)_6/d3(k‘", kl) [(271‘)36(3)(p” _ kll) _ V(P”;ﬁ”, ];")Q(P”; I‘é//)]

xM(P", P’ k", ') [(27)°6@)(p' — k') — g(P; RV (P 9, )] (4.43)
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is the two-nucleon 4-current density.
We can rewrite this in terms of the modified quasipotential and the deuteron

wave function defined in (4.17) as

(d; P"| J*(0) |d; P') = 4m(27)~°
X/d3(p",p') ¢(P”; p”)]\(P", P/; p//’ p')¢(P'; pl), (4’44)

where

A(P”, Pl;pll’pl) — [\(PII, P';ﬁ”,ﬁ,)

m m
—_— - 4.45
E(P"; ") E(P; ') (49

is a modified two-nucleon current density. A is thus the correct two nucleon current

to use when calculating matrix elements from non-relativistic wave functions.
Next we must consider the matrix element of J#(0) between a continuum and

a bound two-nucleon state, which is the matrix element relevant to deuteron pho-

todisintegration. We use the two-nucleon continuum normalisation
(2N; P",p"|12N; P',p) = 4E(p)) E(p) 6O (p] — p1)6(p; — po),  (4.46)

where pi = 1P+ p/, p! = JP" + p", p}, = 3 P"— p’ and pj = JP" — p". With
this normalisation, the equation analogous to (4.17) is
(2N; P, po| J*(0) |d; P’)
= 4mi(2m)"% [, ) M4(P", P'; o, F)
x [(2r)26@ (k' — p') — §(P'; KWV (P'; K, 5] §(P's )0 (P )
= 4m3(2r)"% /ds(p",p’) ) (P, po, p")
xA#(P", P';p", p')$(P'; P'). (4.47)

The quantity M* is in principle obtained from the complete set of diagrams
describing the process (4.37). We can decompose M* in the same fashion as we
decomposed the NN scattering amplitude W in (4.2). Defining M* by removing

the spinors from M*, and reverting to the symbolic notation of (4.2), we have
M* = K* + WGK* + K*GW + WGK*GW, (4.48)

where K* is obtained by summing all irreducible diagrams that contribute to (4.37).

In practice the expansion in irreducible diagrams must be truncated at some level
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of approximation. Figure 1 in Jaus and Woolcock [40] shows the impulse approx-
imation, one pion exchange and two pion exchange diagrams for deuteron photo-
disintegration that contribute to K*.

Now consider the matrix element of J#(0) between two bound states, obtained
by substituting (4.48) into (4.42) and (4.43). Equation (4.15) shows that I" on the
right or left of (4.42) is annihilated by the factors in square brackets in (4.43). Thus

only the last term contributes to the matrix element of M* and we can write
M* = WGK*GW, (4.49)

where the symbol = denotes equality when a matrix element is taken.

The Green function G can be split into four parts, using the identity

Blg)(y- g+ m) =m(q + E(g)) L u(9)a"(g)
+m(go — E(g)) Z v (=q)o(~g). (4.50)
Just one of these parts, which we shall call G;4, contains two internal positive

energy states, so that, attaching positive energy spinors to (4.49), we have sixteen

terms in M*, which we write

Mo — Mp.(PII P,,ﬁ”, A
- (27!')—8/d3 k" kl) W(P",ﬁ”, k")G++ (P”; k")
X KH(P", P k" k) Gy (P EYW (P9, E) 4+ -+, (4.51)

where all the remaining terms contain at least one negative energy state, and

Gyt (P;p) = —i m” !
PP T T B IP + p)ECIP - p) (po — 21(P; p) + i) (po + 22( P; p) — i)’
(4.52)
where
z1(P;p)=E(3P +p) - 3P
zy(P;p)=E(3P — p) — 3 Fo. (4.53)

In the case of the two impulse approximation diagrams there are only eight terms,
since one of the nucleons is a spectator and its propagator appears only once.
We now consider the terms which contain at least one negative energy state.

The only terms which contribute at the 17E level are those in which K* is given by
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the impulse approximation diagrams and there is exactly one negative energy state
adjacent to the vertex where the photon is absorbed. This is simply the pair current
(PC) contribution, which is suppressed if pseudovector coupling is used, in which
case the seagull contribution has a similar effect. All the other terms involving
at least one negative energy state are at least at the 27E level. If pseudovector
coupling is used then these terms are very small; however in that case a seagull
interaction is necessary to preserve gauge invariance. If pseudoscalar coupling is
used then these terms can be quite large, but are to a large extent cancelled by
a class of 27E contributions. These are generated by a 77NN contact interaction
and arise quite naturally in a chiral invariant theory. They are usually simulated
by a oNN interaction. In our calculations we use pseudovector NN coupling and
include the 47NN seagull interaction to preserve gauge invariance.

We therefore consider only the first term of (4.51), and write

Au(P/l’ Pl;ﬁ”,ﬁ’) ~ (27!‘)—8/d4(k”, k") V(P”;ﬁ”, k”)G++(P”; k”)
X KH(P", P K" K)G o (P K"V (P K, P). (4.54)

Defining Ao by analogy with W, we can use symbolic notation to write (4.54) as
A = VG K Gy V. (4.55)

Note that the right hand side of (4.54) is free of zeros and poles.
The situation is slightly more complex when we take the matrix element between

a bound state and a continuum state. The equation analogous to (4.49) is
M* = K*GW + WGK*"GW, (4.56)
and retaining only positive energy states we have
MY = KPGo W + WG LK G W, (4.57)

The appearance of W) implies that ®(=) must be used in (4.47). Using (4.43), we

obtain in symbolic notation the equation analogous to (4.54),
Ay = (1= Vog™) K*GysV + VG K Get V. (4.58)

Note that the cut in My for P/ > \/4m? + P" which appeared along with W),

is absent from [\o.
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Using techniques developed in section III of Jaus and Woolcock [40] it can be
shown that the results gained by calculating matrix elements between two bound
states using (4.54) and between a bound state and a continuum state using (4.58)
are formally identical. For convenience, therefore, we can use (4.54) as the basis
of all calculations. For each irreducible diagram this allows us to calculate A° and

hence A. The results for the individual contributions are given in section 5.2.

4.3 The Differential Cross-Section and the
Multipole Expansion

In order to connect the differential cross-section for deuteron photodisintegration
in the centre-of-mass frame to the matrix elements of the electromagnetic current
operator we need to define a set of axes. Writing the reaction in the centre-of-mass

frame as

Y(g0, 9) + d(\/M? + ¢, —q) — p(y/m? + p§, po) + n(\/m? +p§, —py),  (4.59)

where M is the mass of the deuteron and m is the mass of either nucleon, we choose
axes so that Oz is along p, and Oy is along ¢ X p,. The scattering angle 8 is the
angle (in the centre of mass frame) between the incoming photon and the outgoing
proton. The component along Oz of the spin of the deuteron is mg4, and the final
state has total spin s and a component of spin along Oz of m,. To fix the photon
within this scheme we must also define a second set of axes with Oz’ along ¢ and
Oy’ arbitrary. Let ¢ be the angle of the right-handed rotation about Oz that takes
the axis Oy’ into Oy. We then choose the transverse gauge, so that the polarisation

4-vector £ of an incoming photon with helicity x4 is defined by
e = (0,e), (4.60)
where
e = % (Fer —1ey). (4.61)
The centre of mass photon energy ¢o and the magnitude of the centre of mass

momentum of either outgoing nucleon py are related to each other through the

centre of mass total energy W by

o+ M2+ @ =W =2y/m2+¢2. (4.62)

If gg® is the laboratory frame photon energy, we have
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zlab
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po=1/1Mgs® — (m? — 1M2). (4.63)

9o =

Instead of using the modified two nucleon current density A defined in (4.45) it is
convenient to follow Jaus and Woolcock [42] by using the electromagnetic current

density 5 defined by

" A /P//Z1 / pr
A(P”, P’;p’,,p,) — Te]‘(})ﬂ’ P,; pll, pl). (4-64:)
The centre of mass differential cross-section can then be obtained from the

current density j by

d
E%(qﬂa 0, SMg, ﬂmd) = |T(QQ, 0¢, Sm, ,‘l’md)lz : (465)
where
T (qo, 0¢; sms, pmg) = — po oM (2 )~°

/d"' ', 0) 0 (p p”) e(“) 7(90,4; 2", P)bms(—aq;P"),  (4.66)

where « is the fine structure constant, e is the polarisation 4-vector of the photon,
®(.) is the outgoing wave function for the two-nucleon continuum state and @, is
the wave function of the deuteron. By writing j in (4.66) as a function of g and g
rather than P” and P’ we indicate that we are dealing with the current density in

the centre of mass frame, where the external momenta are

P’ = (W,0), P'= (V M? + g3, -q). (4.67)

The connection with the notation of Partovi [37] can be established from equa-
tion (2.30) of Jaus and Woolcock [40}; the incoming scattering wave function ¥(-)
used by Partovi is the coordinate space equivalent of the function ®(-) introduced
in (4.66), and is exactly our function ¥(-) if one makes the replacement Qy — 1

which is in turn related to the scattering wave function ®(=)(P, p,;p) defined in

(4.32) by |
5 .
() (po; P") = \/WTZ(I)(—)(O,P05P”)~ (4.68)

We need to transform the deuteron wave function to the rest frame, which was

performed in the last part of section III of Jaus and Woolcock [40]. The effect is to
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introduce an effective 4-current density operator j which is used when the deuteron

wave function is calculated in the rest frame. After these steps (4.66) becomes
aM
T(q0a0¢’ 8Ms, /J‘md) = - pO (2 )—

/d3 p",p) ) po;p”)*e(“)-J”(qo,q;p",p')qﬁmd(o;p’)- (4.69)

We now Fourier transform 3(qo, q; p”, p’) twice, first by transforming the photon

3-momentum q into &:

W0 & 9", P) = (2)° [dq exp(—ig - Oilao, i7", P).  (470)

Note that when we transform g < £ ¢o remains constant, so we are using the off
mass-shell properties of the quantities on the right hand side. These continuations
are available if the quantities are calculated from Feynman diagrams.

We then transform the difference of the internal relative momentum variables
p” — p' into an internal relative space coordinate @. The other degree of freedom
in p",p’ is included as p’ and becomes the gradient operator acting to the right,
that is, on the deuteron wave function. We write this operator i. Thus the

electromagnetic current has a quasilocal form in coordinate space. Then we can

use the form of £(#) in (4.60) and (4.61) to write (4.66) as

. _ Po OLM
T(qO, 0¢v s, I‘Lmd) = w % 87r

x [ expiq € [0 W) (poi 2)'e - (a0, &2, V)my(@).  (4T1)

The deuteron wave function in coordinate space is written

() = <= (0(e) + S125(2) xam (@.72)
where
S]2=3(0'1'£i3)(0'2'5;3)—0'1'0'2, (4.73)

is the usual quadrupole operator,

@(z) = \/‘ w(z) | (4.74)

and X1, is the spin wave function. Note that we have made here an implicit spinor
reduction that replaces the 4-spinors introduced in (4.10) with 2-spinors, not only

in the wave functions but also in the potential.
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Making the standard expansion into electric and magnetic multipoles, equation

(4.71) becomes

T(qo, 0¢; s, pmg) = €**t(qo, 0; sms, pmy) (4.75)
where
t(qo, 8; s, umd)
= Z s —ma(0) [(sms] E® [ma) + p (sma| M® [ma)], (4.76)
where

(smy| E® |mg) = (sm,| EY [ma) + (sm,| ES” |ma),

o 2n(2L + 1)
(ol B ma) = /225 \| T (#0940 (i)

< Joe (2% (162 ) (ulaot 720 8)]

'](que; :l:, :c ¢ma(m)’

(L) _ [P 2m(2L +1) L+ [
(sma] E§7 fma) = 15 8“[ LD [ )

X [4€ g0 (106) V- (816 - 500, & 2, Vi (), (4.77)

Do aM 27r 2L + ]. / 3 (- )
= d°z U}
%8t \ LIL+1) (po; @)’

X [4°€ 51006 LY () - 300, &5, Ve)hma(®): (4.78)

(smq| M® mq) =

Here @ is the vector separation of the nucleons, and j,(gof) is a spherical Bessel
function. The operator '—V; acts on the deuteron wave function as discussed above.
The bound state and continuum two nucleon wave functions ¥, (=) and @$;) (p,; p")
must be calculated using a nucleon-nucleon potential from the literature. We have
performed calculations using the Bonn [2], Paris [3] and Moscow [4] potentials.

Making use of the Wigner-Eckart theorem and parity restrictions on the mul-
tipole amplitudes, we can obtain any multipole amplitude provided we have the j =
L-1, L, L+1 components of the expressions for (11| E™, M™ |0), (10| E®, M®™ |-1)
and (00| B, M®) |—1).

Following Jaus and Woolcock [43], we now write expressions for some observables

in terms of the multipole amplitudes. The differential cross-section is defined in
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terms of the multipole amplitudes in equations (4.65), (4.66) and (4.75) through
(4.78). For photons with a degree of linear polarisation ¥; along Oz’,

j—;(()qﬁ) = Io(0)(1 + X;X(0) cos 2¢), (4.79)
where
L(6) =1 > [t(6; sms, +1my)|? (4.80)

smsmgyg

is the unpolarised differential cross-section and

10(9)2(0) = —% Z t(0; smy, +1mg)t(0; smy, —1my). (4.81)

SMsmyg

The quantity X(8) is the y-asymmetry. The total cross-section in terms of the

multipole amplitudes is

8 1
“‘_?;21:“

x [31(10] E{0) |2 + 1] (10] M@ [0) |2+ | (11} E®) 1) |? + | (11] M [1) |2
+H[(11[E®0) |7 + [ (11] M® {0} |* + | (11| E®|=1) |* + | (11| M® |-1) |2
+[ {10 E® |=1) |* + [ (10| M® |-1) |?
+[ (00| E® |-1) |* 4+ | (00] M |-1) 7] . (4.82)

The other quantity which has been measured experimentally is the polarisation
of the outgoing neutron. This is the same as measuring the analysing power for
the radiative capture reaction np — dvy when polarised neutrons are incident on an
unpolarised proton target. The polarisation of the outgoing neutron for vd — pn

and unpolarised photons and deuterons is

ROAPO) =5 S (ol |s'ml) (0; o'ml, pma (T P, o)
s'mis""mfumg
= —\g—i > Im [t(6; 10, 1mg){t(0; 11, 1mg) — t(6;1 — 1,1my4)}
md
(000, 1mg) {#(0; 11, Tmyg) + (6, 1 — 1, Ima)}] - (4.83)
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Chapter 5

Description of the Model

In this chapter we develop a theoretical model for deuteron photodisintegration.
Section 5.1 concerns the modified current conservation (MCC) method. In section
5.2 the various diagrams which contribute to the electromagnetic current density
are individually considered and calculated. This leads to expressions for the con-
tributions to the electric and magnetic multipole amplitudes, which are displayed

in section 5.3.

5.1 Current Conservation

In this section we consider the way in which the current conservation law for
the electromagnetic 4-current density can be used in the calculation of that part
of the electric multipole amplitude denoted by E{" in (4.77). The amplitudes E*
and M™ are calculated directly from the effective 3-current density 3.

The current conservation law can be stated in momentum space using the two-

nucleon electromagnetic current defined in (4.64) as
(P" = P') - (F(P)5(P", P) [i(P)) = 0, (5.1)

where P, P" are on mass-shell, and the photon momentum ¢ = P”— P’ is in general
off mass-shell. This law is true on very general grounds, and must apply to the
electromagnetic current obtained by evaluating the irreducible Feynman diagrams.
However Arenhéovel [44] and Jaus and Woolcock {45] have shown that there is no
straightforward way in which this result can be applied to the calculation of the
electric multipole amplitudes.

In order to see why this is so, we turn first to the expression in terms of the

electromagnetic current density for the contribution to the electric multipoles known
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as E{", and defined in (4.77). This is the part of E® which we wish to calculate

using current conservation. Integrating by parts we obtain

(L) _ apOM 2L + 1 'L+l
(sm3|El Imd) - \/ 2q0 2L(L + 1)2

x [d2 WG (pos )
J6 (1€ ) 0oV (B0 52, W) (52

Using (4.62) the magnitude po of the momentum of either outgoing nucleon satisfies

4(m?+p2) = (qo+\/M"’+q3)2- (5.3)

Equation (5.1) remains true when we replace j by j = (5, 7). Transforming to

coordinate space, (5.1) becomes

/d3 ‘I’( ) po, (q ‘5((]0,(]; 33) - qoﬁ(qm q;w))"pmd(m) =0, (54)

where the effective momentum py is no longer po but is given by

t(m+5%) = (a0+ /M7 4 q?) (55)

Fourier transforming (5.4) from ¢ into § we obtain

JE2 95 (5os @) [ (%% - 300, 2) — 08(d0, & %)) exp(iq-E)ma(2) = 0, (5.6)

In their work, Jaus and Woolcock [42, 7] assumed the equality

iV - 3(q0,&; &) = qop(q0,&; ), (5.7)

in order to rewrite (5.2) in terms of the charge density g. However, this equality
cannot be deduced from (5.6), because of the dependence of py on g. This depen-
dence could be removed by forcing the photon to be real, i.e. setting go = |gq|, but
then (5.6) is not sufficiently general to deduce (5.7).

We will now describe the modified current conservation (MCC) method used
in this calculation, as derived by Jaus and Woolcock [45]. We start by considering
the convection current density. We wish to evaluate the divergence of the internal

convection current

/d"'w V) (po; 2)"q - j(int.conv.; g, @), (), (5-8)

where
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j(int.conv.; q,z) = % [(él exp (%zq . :c) — €z exp (—%iq . a:)) (—i i)
+ (+i i) (él exp (%zq . :c) — ézexp (—-%iq . w))] (5.9)

and

A

& =10+ 1), (5.10)

Transforming to coordinate space the equations of motion (4.21) and (4.33) for the

initial and final states we have
1 1
(V2 4 V(@) fma(@) = - (M — ¥} ()
1
(192 V(@) 05 (o5 2) = B, s ). (5.11)

Note that the potential V and current density j are operators depending not only
on & but also on V, though we have not written this explicitly.
We can then rewrite the divergence (5.8) in terms of the non-relativistic impulse

approximation charge density

pO(q; ) = & exp (%zq : :c) + é2 exp (—%iq . :c) (5.12)
as
/d% W) (pos 2)*q -  (int.conv.; g, & ), ()
= qoF (g0 /d3x TG (po; 2)* 0 (g5 @) pm, ()
_ /d% (V(@) TS (po; ) (g5 @) hm()
—U) (po; )"0 (g3 2)V (2)pmy(®)) (5.13)
where

M? — 4m?
90F(q0) = @ T T 2q° (qo +/M? + ¢¢ ) (5.14)

In a shorthand notation where = again denotes equality when a matrix element is

taken,
q - j(int.conv.) = goF'(go)p® — [V, p(o)] . (5.15)
It follows from (5.2) and (5.13) that

apoM 2L +1 L
2¢0 V2L(L+1)

(sm,| E{"(int.conv.) |mg) = _\/
X lF(QO)/d% U (pos 2) S (903 ) thm, ()
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1 - .
—— [dz (V(m)\llgm),(po;w) Fr)—ma(90; )Y, (@)

qo
— U5 (903 @) F)-m (90 @)V (@) o) ] , (5.16)
where
. d\ . .
F&_ (qoi2) = (&1 + (—=1)F&,) (1 + x%) Ju(Lgoz) Y&, (&), (5.17)

By using the explicit form of the matrix element between the initial and final
physical states of the divergence of the internal convection current density, we have
obtained (5.13) and (5.16). These equations allow us to circumvent the difficulties
associated with (5.6) described above, at least for the internal convection part of
the current. The other pieces of the current density are dealt with below.

Both Partovi [37] and Arenhdvel [44] make the unnecessary approximation

Fgo) =1+ —, (5.18)
(using A = 2 and cgr = —1 in the case of Arenhével). In fact a good approximation
is
g0 — B
F =1 1
(g0) + o (5.19)

where B = 2m — M is the deuteron binding energy. To use (5.18) consistently
it would be necessary to modify the commutator term on the right hand side of
(5.13) (see Jaus and Woolcock [45]) but it is quite straightforward to use the exact
relation (5.14).

We develop the modified current conservation (MCC) scheme by decomposing
the effective electromagnetic current density into impulse approximation and meson

exchange parts
7=73(1A) + 3(ME). (5.20)

Note that the effective meson exchange current density is not significantly differ-
ent from the actual meson exchange current density. We decompose the meson

exchange part into one pion exchange, medium range and short range parts,
7 = 3(IA) + 3(17E) + j(MR) + 3(SR). (5.21)

The last three terms on the right hand side of (5.21) are by analogy with nucleon-
nucleon potentials, which usually have a recognisable one pion exchange part. The

division of the remainder of the potential into short and medium range parts is
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essentially arbitrary, but medium range effects are taken to include both two- and
three-pion exchange interactions, including p and w exchange and the o interac-
tion. We further decompose the impulse approximation part into a non-relativistic

impulse approximation part and a relativistic correction part,
J(IA) = j(NRIA) + 3(RC), (5.22)

and then decompose the non-relativistic impulse approximation part into centre of

mass, internal convection and spin parts,
J(NRIA) = j(c.m.conv.) + j(int.conv.) + j(spin). (5.23)

It can easily be shown that for several of these parts the divergence of the
electromagnetic current density will have no effect on the scattering amplitude.
In particular, the divergence of the spin part of the current density is zero. The
centre of mass convection part of the current density is proportional to ¢, and since
e - ¢ = 0 in the transverse gauge we have adopted it cannot contribute to the
reaction amplitude.

We do not employ current conservation in dealing with certain other parts of
current density. The electric and magnetic multipole amplitudes due to A(1232)
exchange are calculated directly from diagrams in which a 7 or p(770) meson is
exchanged, and this part of the current density is exactly conserved. The ampli-
tudes due to the relativistic correction to the impulse approximation are calculated
directly from 3(RC).

We use (5.15) to write

g - j(int.conv.) + ¢ - j(17E) + ¢ - J(MR) + ¢ - 3(SR)
= gF(g0)p® + (¢ - 5(17E) — [V(17E), o))
+(a-3(MR) — [V(MR), p]) + (¢-3(SR) - [V(SR),p®)]) . (5.24)

Partovi [37] neglects all but the first term on the right hand side, and replaces F(qo)
with 14 go/4m. Since this approximation leads to quite reasonable results, the last
three terms on the right hand side of (5.24) must involve significant cancellation.
This suggests that even though the multipole amplitudes are being calculated us-
ing only p(®, meson exchange effects are being included implicitly via the wave

functions.
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The next order of approximation is to include also the second term on the right
hand side of (5.24), which we shall call the 17E mismatch correction. This is the
approximation we use for calculations. From the standard expression for V(17E)
to leading order, and the explicit expressions for j(17E) to leading order contained
in Jaus and Woolcock [42] as (2.12) and (2.13), it can easily be shown that (quoting
equation (17) of Jaus and Woolcock [45])

q-§(17E) = qop(17E) + [V(17E), o), (5.25)

where p(17E) is defined in equation (18) of that paper. This result continues to
hold if a monopole form factor is introduced at the 7NN vertex when calculating
J(17E), p(17E) and V(17E).

The calculations of Jaus and Woolcock [42] show that the first term on the right
hand side of (5.25) has only a small effect on the electric multipole amplitudes. From
this we can see that the second term on the right hand side of (5.24) involves a
strong cancellation. We assume there is a similar cancellation within the third and
fourth terms on the right hand side of (5.24). We therefore expect that the sum of
these last two terms is small compared with the terms within the parentheses, that
is

(flg-3(MR+ SR) i) = (f| [V(MR + SR), o] i) . (5.26)
Medium and short range effects on the electric multipole amplitudes are estimated
in this fashion in nearly all calculations of deuteron photodisintegration. Since
the medium range contributions are incompletely understood and the short-range
contributions are unknown, we cannot use any more accurate method.

We now turn to a close examination of the second term on the right hand side
of (5.24), which lies at the heart of the modified current conservation method. The

internal convection part of the current obeys (5.15), which we now write
(flq - 3(int.conv.) |5} = goF (o) (f1 2 [s) — (fI [V, ] I3}, (5.27)

where the initial and final states are calculated using the true potential V. Adding
together (5.27), (5.26) and the equation obtained by taking matrix elements of both

sides of (5.25), we have the practical form of the current conservation law

(flq - 7(int.conv. + 17E + MR + SR) |¢)
~ q0F(90) (f1 9V 16} + g0 {f| p(17E) I1) . (5.28)
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We would like to calculate the right hand side of (5.28), but to do so we require
initial and final wave functions obtained from the true potential V. However the
nucleon-nucleon potential V5 actually used for calculating wave functions may differ
from the true nucleon-nucleon potential V- = V4 + V; by a small amount V; which is
unknown. This might be due to charge dependent effects, since Jaus and Woolcock
[42] have shown that the use of the correct charged and neutral pion masses and
coupling constants has a surprisingly significant effect on the forward cross-section.
Medium and short range effects are poorly understood and are parameterised in
different ways in different potentials. Also the coupling constants and cutoff pa-
rameters used in NN potentials are underdetermined by the data on which they
are based. For instance Haidenbauer et al [48] give several different variants of the
Bonn potential; each of these is claimed to give acceptable fits to nucleon-nucleon
data, but their values for fryx and Ay are significantly different.

Only the initial and final states obtained from V} are available for the calculation

of matrix elements. The counterpart of (5.27) is

(fol g - 3 (int.conv.) Jio) = goF(qo) (fol P lio) — (fol [Va, pV] lic) , (5.29)

where the initial and final states are calculated using V;. Since the left hand sides
of (5.27) and (5.29) are small (O(m™!)) and approximately equal, their difference
will be negligible. Hence

90F (g0) (f1 0 I5) = g0 F (qo) (fol o lio) + (£1 (Vs 6] i) = (fol Vo, 6] li) . (5.30)

Combining this with (5.28) leads to

(f|q - 3 (int.conv. + 17E + MR + SR) |3) = qoF (qo) (fo| o© |i0)
+40 (f1 p(A7E) [8) + (F1 [V, 6] [2) = (fol [V, o] lio) . (5.31)

The small difference between the third and fourth terms of (5.31) derives from the
correction V; to the potential and the consequent difference between the wave func-
tions obtained from V and V;. We wish somehow to take account of this difference.
Jaus and Woolcock [42, 43] have shown that deuteron photodisintegration observ-
ables are insensitive to short range (< 0.8 fm) effects, so the main contribution to

this difference can be expected to come from 17E. We therefore write (5.31) as
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(f|q - j(int.conv. + 17E + MR + SR) |3) = ¢oF(qo) (fo| o |50)
+{f1g- () [i) = {fo| [Vo(17E), p] [io) , (5.32)

where V5(17E) is the one pion exchange part of Vg, i.e. the one pion exchange part
of the nucleon-nucleon potential used for calculating wave functions. In order to
parameterise the unknown matrix element (f|q - 7(17E) |7) we need to introduce

an effective current density j . (17E) which satisfies

(flq-3(17E) [5) = (fol g - 5 x(17E) [éo) . (5.33)
The right hand side of (5.32) is then expressed entirely in terms of wave functions
calculated from the assumed potential V. The effective current density j_(17E) is
characterised by the parameters fryy and Ay which can only be obtained by fitting
to deuteron photodisintegration data, and only by such a fit can one judge whether
the approximation (5.33) is reasonable. Examination of the mismatch between the

parameters needed to fit deuteron photodisintegration observables and those used

in the NN potential provides a measure of how realistic the NN potential is.

5.2 Contributions to the Electromagnetic

Current Density

The electromagnetic current defined in (4.64) is in principle calculated by sum-
ming all the irreducible Feynman diagrams for the process (4.37). In practice we

limit ourselves to those diagrams in figure 5.

5.2.1 Impulse Approximation

The impulse approximation is represented by figure 5 (a), in which one nucleon
is a spectator to the photon’s absorption by the other nucleon. Figure 5 represents
the contribution we shall call 3, (IA); there is an analogous diagram where the other
nucleon absorbs the photon, which leads to the contribution we call 3,(IA).

The first two terms on the right hand side of (5.23) have been considered in
section 5.1. The internal convection current j(int.conv.) is given in coordinate

space in (5.9); in momentum space it is
. 1 )
3u(int.conv.; g0, g; p", p) = —(27)*6)(p" — p' — 39)érp, (5.34)

where = as usual denotes equality when a matrix element is taken, and é; is defined
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in (5.10). The spin part of the current in momentum space is

L 1 o
J1(spin; g0, ¢; p", ') = 2-77—1(%)35(3)(?" —-p' —1q)(é1+ R)ioy xq,  (5.35)

where
ki = 2(ksl + kyTiz). (5.36)

We require the impulse approximation j(IA) to the effective current density,
whose matrix element is to be taken between rest frame wave functions. This
calculation is performed in section 3 of Jaus and Woolcock [40], and using equation
(3.25) from that work we can obtain j. In practice the only part of 3 which differs
significantly from j is 7(IA). 3(IA) has been evaluated up to O(m™3) in the centre
of mass frame by Jaus and Woolcock [42], for convenience we quote the relativistic

correction part of it here:

i 1
31(RC; g0, ¢; 9", ') = —%(27035‘3)(17” -p' —1q)

X [(é1 + R1)toy X qm(q + 21001 X p')
2m
€1 (2p/2pl+q 'pli0'1 Xpl+p’2i0'1 X q)
2m?2

~ ~

Ry . é )
—Q—n;zq x ploy xp' — 4—n12p'zq ((o1 — o2) x P') (5.37)

We can extract three pieces of 3(RC): one of O(m™2)

jl(RC’ O(m_z); 90, 9q; P", p,)
1 . , .
= —WQOM(?W)S‘S@)(P —p' — %‘1)(‘1 + 210y X P')a (5.38)

one due to magnetic moment coupling, of O(m™3),

71(RC,0(m™®), m.m; g0, ¢; ", P’)
1 .
= = 5mM2n)* 6 (p" — p' - 19)ig x plos -, (539)

and one due to charge coupling, of O(m™3),

~ - / 1 A 4
JI(RCa O(m 3)a Ch-; qo, q;p’ ,P’) = _4_,"561(2”)35(3)(1), - pl - ';'(I)

X {—Qp’Qp' —pYioy xq—p' - qioy xp' + %p’} . (5.40)
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The charge coupling term has a negligible contribution to the multipole ampli-
tudes. The magnetic moment coupling terms are proportional to either &y or «s.
Since ks =~ —0.012 is much smaller in magnitude than &, = 3.706 we can neglect

terms O(m™

ks). This means that the only amplitudes proportional to xs which
need to be taken into account are those of O(m™=2) with a singlet final state which
contribute to E®). Of the amplitudes proportional to x, we consider at O(m~?)
those contributing to the multipoles EV), M®) and E®) with triplet final states
and MW and E® with singlet final states, and at O(m™%) those contributing to
EM with triplet final states and M) with singlet final states. These amplitudes

are given in section 5.3.

5.2.2 One Pion Exchange Without a A(1232)

Intermediate

The pion exchange contribution to the electromagnetic current is represented
by figures 5 (b) (the pion current contribution, which we shall denote 7C) and (c)
(the seagull contribution, which we shall denote SG). Sections IV through VI of
Jaus and Woolcock [40] contain an extensive treatment of pion exchange effects. As
discussed in that work, the deuteron photodisintegration data favour pseudovector

coupling rather than pseudoscalar, although they are identical to leading order.

It is important to note that the exchange of a neutral pion makes no contribution
at leading order to either of these diagrams. This is obvious in the case of the
pion current, since V(y7°r®) = 0. In the case of the seagull diagram we have
V(y7°pp) = V(y7°nn) = 0. Thus any contribution to the reaction amplitude is
due entirely (at leading order) to the exchange of charged pions. At higher orders
the small difference in mass and coupling constant between charged and neutral
pions has a negligible effect. Accordingly we use the charged pion mass m,+ and
coupling constant fr—,, = fr+np throughout when calculating j(17E). This has a
surprisingly significant effect, since the mismatch between the pion mass used in
J(17E) and that used in Vo(17E) affects the variation with energy of the forward

cross-section.

All the 17E operators contain denominators of the form m2 + (p + 1¢)? — 1¢3

from the pion propagator. If an expansion is made in powers of ¢ the terms will
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contain factors &=%", where n is a positive integer,

= 2 + p? (5.41)

2 = m? = 12, (542

which we have used throughout this calculation.

In order to evaluate the electric and magnetic multipoles we must integrate ex-
pressions derived from the current density over x. However, some of these integrals
are logarithmically divergent when point vertices are used. The physical reason for
this is that the structure of the strong vertices is being neglected. To correct for
this a monopole form factor (A% —m2)/(A2 —k?) is included at the NN and y7NN

vertices. The 17E operators then depend on an effective monopole cutoff
A=A -1g. (5.43)

In addition, the inclusion of a cutoff destroys the current conservation law,
unless new terms are added to the #C contribution to the current density. This

leads to the replacements (see pp. 6867 of Jaus and Woolcock [42])

()= (1 (0 - md)gh ) ) -0, (Ga)

0
Af
where w(p) is defined in (5.41) and

0*(p) =A% + P (5.45)

The introduction of a form factor also leads to a change in the 17E nucleon-

nucleon potential: the leading part of the 17E NN potential becomes

- 2 o1-poy-p (A2 —m?2)?
Vo(p) = — N2N1_1.1_2 1-po2 - p (AR )

m2 w¥(p) Qi(p)

and the various forms of the Bonn potential [2] are modified in just this way. The

(5.46)

Paris potential [3], on the other hand, uses a different type of cutoff procedure.
In our MCC scheme of calculation we modify j.;(17E) by means of a monopole
form factor with parameter Ay. However V5(17E), the assumed potential defined
in (5.32), is exactly the 17E part of the potential being used.

For the current density due to the seagull and pion current diagrams to leading

order we have
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2
j(SG;P”aPl; ,p)NﬁE(TIXTg)

™

0162-(p—-Q) o201 (p+§Q)

wi(p - 39) - W (p+39) — %
2
§(rC; P, P g ) A —2’:;"“z(n X 72).p

T

b

o1 (p+ éq)az (p— Q)
[wi(p + 3q) — 18€lW*(p — 39) — ;4]

(5.47)

where w(k) is defined in (5.41) and p = p”—p’. The symbol = denotes approximate
equality when a matrix element is taken of each side, by analogy with the symbol
= defined after (4.49). Except for the appearance of the term —-%qg they are well
known. After expanding to second order in ¢ the expressions in coordinate space
contain the functions F,(m,z) = (m,z)"Yo(mrz), where Y, is defined in (5.113).
Inclusion of the form factor leads to the replacement

A2 — m2 OF,(Ayz)

Fo(mzz) = Fo(mgz) — F(Agz) + A A ,
N N

(5.48)

after which we make the replacements m, — m, and Ay — Ay
We now wish to apply the modified current conservation scheme to the cal-

culation of the 17E mismatch correction defined in section 5.1. To leading order

q-3(17E) = %qoi(*rl X T2), (exp( iq-x) — exp(% —1iq- :c))
X (Fu(17E)oy - 002 + Fiv(17E)Si2), (5.49)

where S;2 is defined in (4.73). After applying the form factor modification described

above we have
4 2NN 2
Fu(17E u -
“( i ) 3qo 47 m"r

x {3 Yo(az) — A3Yo(Anz) + L(AL — m2)An(2 — Ayz)Yo(Ayz)}
_ 4 f?NN -2
Fy(17E) = 3q 4n my
x { g Ya(az) = AyYa(Auo) = 3(AF = mp)ARaVa(Ava)}, (5.50)

where the functions Y; are defined in (5.113).
We now write to leading order the 17E part of the potentials we use. For the

Paris potential [3] this contribution is easily identified as
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(B34 71 712)f(2)g {Yo(mpoz)oy - 02 + Yo(mrox)S12}
(1 =71 72)f(2)g5 {Yo(mzz)o1 - 02 + Yo(mzz)S12}, (5.51)

PN

+

which is the usual 17E potential with a cutoff function
f@) =1+ (pz)™?)!, p=1.25fm™", g =10. (5.52)
The other constants are given in [3]. Note that the Paris potential uses two pion
masses. It follows that
[V(Parls local 17E), p(o)] 2q0i(T1 X T2).(exp(3iq - &) — exp(—3iq - x))
x (Fy(Paris)oy - oy + Fiy(Paris)Sy2) , (5.53)

where

Fu(Paris) = 5" f(2) (93 Yo(maez) — g5 Yo(msc))
Fy(Paris) = g5 f(2) (g5 Ya(mooz) — g3Ya(maz)). (5.54)

There are several slightly different forms of the Bonn potential; we have used
the potential described as potential B in Table A.3, appendix A.3 of reference [2].
This is an energy independent quasilocal coordinate space potential. When this

potential is used instead of the Paris potential, equation (5.54) is replaced by

2
F(Bonn) = 3qgl Zw (———) My

B2 B
X {Yo(m,—,x) - %‘-%(Aﬁm) - % (%—:—2- - 1) Ay —AyzYo(Agz )}

m™

2
Fy(Bonn) = aqgli] (——) mz

x {Yz(mfw) - (A—?‘) Yy (Agz) --;- (Agz - 1) i—iAﬁle(Aﬁw)} » (5.55)

mz m2
where mz = 138.03 MeV, A} = 2000 MeV and

1g°
347r

Defining the functions Fy; and Fyy as

2 |
(_) ma = 14.81572 MeV. (5.56)

FII,[V - -FIII,IV(]-’R-E) - F}I’Iv(potential), (5.57)
where the potential is Paris or Bonn, we have

(Fuoy - o2 + FiyS12)(ul + @S12)xY, a ) = (Ul+ WSIZ)X,(;‘)N (5.58)

where
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U = Elu + SE\/'(I)
W = Futb + Fiy(u — 21), (5.59)

and w(z) is defined in (4.74). From this we determine the contribution to the
amplitudes E{* for L =1,3,5 arising from the 17E mismatch correction.

We also calculate to leading order the amplitudes M) from the terms of j(17E)
linear in q and the amplitudes M® and Ez(,l) from the terms in j(17E) which are
quadratic in g. At O(m™') we use the parts of j(17E) which are independent of or
proportional to ¢. The part of j (17E) which is independent of ¢ is used to calculate

the amplitudes E{l) from the electric dipole operator
i
D(qo;2,V,) = -—z;—g(qo,O;:c,Vx). (5.60)
0

A convenient way to express D is in terms of the operators D; defined in (4.2) of
Jaus and Woolcock [42]. D is then written in terms of functions G;. As mentioned
above equation (5.117), the terms in Gy, and Gy proportional to go (which are of
leading order) are omitted under the modified current conservation scheme.

The part of j(17E) of O(m™!) which is linear in ¢ leads to the 17E contribution

to the magnetic dipole moment operator
M(qo;2, V) = —3iV, % J'(qo,q;w)|q=0~ (5.61)

The expression for M at O(m™!) is given in equation (4.15) of Jaus et al [34].
Note that the expression given in equation (4.1) of Jaus and Woolcock [7] contains

misprints.

5.2.3 One Pion Exchange With a A(1232) Intermediate

Figure 5 (d) is the only diagram which contributes to deuteron photodisin-
tegration. The analogous diagram in which the pion is exchanged first gives no
contribution when the initial state has isospin zero, as does a deuteron. Figure 5
(d) actually represents two diagrams, corresponding to the absorption of the photon
on one nucleon or the other.

Compared with one pion exchange without A(1232) intermediates our under-
standing of one pion exchange with A(1232) intermediates is rather poor. This is
partly a consequence of the uncertainty concerning the value of the off mass-shell

parameters z, y and z which we shall introduce shortly. As a result, it makes little
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difference which of the possible values for m, we choose to use, and for convenience
in programming we shall use m, = m,+ as for ordinary one pion exchange.

The vertex V(7 NA) for the reaction A,(pa) + 7(k) — N(pa + k) is given in
(2.15), while that for v(ey,q) + N(p) — A, (¢ +p) is

™

V(7yNA) = —ief;:A {(qm — 97 Q) Fyn (Y — Y- q)

a
+— (9P g —ap) +2n(np-a =7 )] }75- (5.62)
The relationship between our notation and that of Benmerrouche et al [18] is

g=-X-31, y=-Y-1 22=-7-1, (5.63)

) 92
Jyia = m’ a= 5;:
Note that from the form of the YNA vertex we know the current density must be

(5.64)

exactly conserved.

The undetermined constants z, y and z of (5.62) describe off mass-shell be-
haviour. In a previous calculation Jaus and Woolcock [7] made use of the alter-
native spin-% propagator described in subsection 2.1.2. This has the convenient
feature of annihilating all the off mass-shell terms. Criticisms of this propagator
pointed out by Benmerrouche et al [18] and in section 2.1 have led us to employ
the unitary spin—% propagator in this calculation.

In practice we find that z, y and z can all be varied considerably about z = y =
z = 0 without substantially affecting the fit. It is obviously inappropriate, therefore,
to attempt to fix these parameters by deuteron photodisintegration experimental
results, and so we have chosen to set £ = y = z = 0. Davidson et al [49] have made
fits to pion photoproduction which suggest that a ~ 0.7, although the uncertainty
is quite large.

In the same manner as in subsection 5.2.2 the expansion in powers of ¢ of
the expressions containing the pion propagator leads to the quantity 7n,. The
introduction of a monopole form factor (A% —m2)/(A% — k?) with cutoff parameter

Aa at the 7NA vertex leads similarly to a quantity

A% = A -39, (5.65)
by analogy with (5.43), and the substitution
o . A% —m? 1o A2 —m? 1
wT(p) = W (p) — T —7 (AL + P72+ 5— (AR +p) 72", (5.66)
AA - AN AA - AN

where w(p) is defined in (5.41) and n = 2,4. There is definite evidence (see Dillig
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and Brack [50] and Mathiot et al [51]) that Aa is smaller than Ay.
Since in the centre of mass frame the 4-momentum of the intermediate A(1232)

in the diagram of figure 5 (d) is

~ _Pe 4
we have
2 2 2 2 ) , 2
pa — Mi =~ —Mz + m*+2mqgo — p"” —2p" - q + ¢5. (5.68)

Rather than writing here ¢2 = ¢2, as did Jaus and Woolcock [7], we retain the g2
term in the present calculation. Then after an expansion in powers of g an effective

mass ™ appears given by

m? = M3z — (m + q)* (5.69)

By making the replacement g2 — g2, Jaus and Woolcock [7] effectively neglected
the effect on the multipole amplitudes of the ¢2 term in (5.67), since they truncated
the expansion in powers of q below the order at which the effects of a term ¢? in
the A(1232) propagator denominator appear. At the higher energies we consider it
has a significant effect, and we therefore take it into account directly, although by
doing so we do not actually increase the order of the calculation.

The use of the form (5.68) to approximate the A(1232) propagator denominator
has two major effects on the A contribution to the current density. First, the

contribution is multiplied by the enhancement factor

(1 _ qo(2m + qo)) - .

VT = (5.70)

Second, the deuteron wave function is multiplied by the factor

12

(1 + %) B (5.71)

when calculating matrix elements for the A contribution. This has the effect of

folding of the deuteron wave functions, leading to the replacements
u(z) - U(z)

= m [e'ﬁ‘z/:dy u(y) sinh(mhy) + sinh(ﬁw)/:ody u(y)e_ﬁw] )
w(z) - W(z)

— i |21(0) [ty w0 W) + 4@ [ de@aw)],  61)

where the deuteron wave functions v and w are defined in (4.72), and
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Zl(x):e_ﬁ”” (1 + —~3—+ 3 )

mx  miz?

3 - 3 .
Zy(z) = (1 + 1"7123:2) sinh(mz) — e cosh(mz). (5.73)

Because we have truncated our diagrammatic expansion we need to consider
putting the effect of the finite width of the A(1232) resonance into our calculation.
Correcting the error of Jaus and Woolcock [7] pointed out by Glasgow-Mainz [52],
below the pion production threshold (approximately go = m,) the width is zero,
although there is a small energy-dependent contribution to the A(1232) mass which
we neglect. Above the threshold we have T'(go) ox p* (because the A(1232) is a P-

wave resonance), where

=t m e ) 620

and s & (m+qo)?%. It can easily be shown that for laboratory energies up to 200 MeV
the effect of the A(1232) width is negligible, and we omit it from this calculation.

The A(1232) contribution to j; can be expressed in terms of the overall cou-
pling gao = fannfrnafyna and the cutoff parameter Aa. frun is very accurately
known, but there is some uncertainty in the product frxafiva. The fit to low
energy photoproduction from nucleons data by Olsson and Osypowski [53] gives
faxafina = 0.552 £ 0.018. From the constituent quark model (see Jaus and
Woolcock [43]) we can obtain fryafyna = 0.497fzyn. The sum rule of Chem-
tob and Rho [54], which does not include corrections of O(m™1), leads to the result
frnafywa = 0.434. In a previous calculation Jaus and Woolcock [43] adopted
frna fyina = 0.48, but noted that the value was rather uncertain. We have chosen
to allow ga to vary to fit experimental data.

Jaus and Woolcock [42] in their equation (2.21) give 3,(A) to leading order in
the centre of mass frame without the form factor as

J1(A;em;p”, p')
1

*wip - 39) — 348
X [aiq Xp+bloy-qp—p-qo,)+3b(¢*c1 —01-99) — 3(b+ 0)4301]
xoz-(p— %‘1), (5.75)

& (47r)m;4FA(‘r'1 - Tz)

where (specialising equation (2.22) of Jaus and Woolcock [42] to the case z = y =
z=0)
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a=2%(1-m/My)7,
b=—1(1-m/Ma)7},
c=(m/3Ma)(2m/Ma —1)(1 = m/Mp)™" + 1a,

_ f?rNNf‘II'NAf‘YNA 2m1l' 1— 2q0(m + qo) -
- 47 3MA Mg — m2

Fa (5.76)

and p = p” — p’. Jaus and Woolcock [42] then expand up to terms quadratic in ¢
and qo to obtain their equation (2.23) for 7,(A)+7,(A). To leading order, the part
of 7(A) which is independent of ¢ leads to contributions to the amplitudes Efl) via

the electric dipole operator. This is governed by the single function

G = ——2 Fa(b+ C)M_

2m, M, (577)

The amplitudes M) are calculated from the terms in §(A) which are linear in q,
and the amplitudes El(,l) and M@ from the terms quadratic in q.

At O(m™!) we consider only the part of 7(A) which is independent of q. It leads
to an electric dipole operator D(A,O(m™!)) given by equations (4.2) and (4.4) of
Jaus and Woolcock [42], with the leading order term (proportional to go) deleted
from the definition of Gyy.

Some insight into why the A(1232) contribution is so insensitive to the off
mass-shell parameters may be obtained by noting that the principal effect of the
contribution is on the magnetic dipole amplitudes with a singlet final state. These
amplitudes are independent of ¢, thus their only dependence on z, y and z is via
the single number (y+ 2 +2yz(1+m/Ma)) (see Jaus and Woolcock [42] for details).
This latter quantity tends to be constrained by pion photoproduction fits to be near
zero. It would need to become quite large (of the order of 2) to have a significant
effect, and even then it could to some extent be absorbed into a change in ga.

We consider this to be a reasonably good theoretical description of the aspects
of one pion exchange with a A(1232) intermediate which are important to deuteron
photodisintegration. However no accurate determinations of the parameters ga and

A are available, so they are varied in the fitting of the experimental data.

5.2.4 Vector Meson Exchange

Apart from their contributions to the multipole amplitudes E{*’ via the poten-

tial, medium- and short-range interactions make a significant contribution only via
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the magnetic dipole amplitudes involving a singlet final state. These contributions
are usually expressed in terms of the functions H; and H;; defined by Chemtob and
Rho [54] via the magnetic moment operator in coordinate space. In the special case

where the initial state has 7' = 0,

M(2) = ;—(r —2):

x [Hy(z)(01 — 02) + Hu(z)((01 — 02) - & — }(01 — 02))] . (5.78)

Using the vertices

V(ywr) = —ie‘i;ylwe,\uaﬂq“kﬁ%;; (5.79)

w

for y(ex, q) + wu(k) — m(q+ k) and

V(wNN) = —igunn (% + 5

Uuyku) (5.80)

for w,(k) + N(p) — N(k + p), the contribution to the functions H; and Hy from
the mixed ywn current shown in figure 5 (e) can be evaluated to leading order (see

Jaus and Woolcock [7] or Chemtob and Rho [54]) as

Ho= =3P [Yome) = (22) Yooz,
Hy=—Fy. [YQ(sz) - (—;—%)35’2(77%3:)] , (5.81)

where (correcting a misprint in equation (6.7) of Jaus and Woolcock [7])

-1
Foor = JrunGronGunn (1 _ m_f,) Qmmi' (5.82)

2 3
4m m? m?

The next order would be important if the magnitude of K, were large, but all the
evidence suggests this is not the case.

We must also consider the current density arising from the exchange of a p(770)
meson, either with or without a A(1232) intermediate state. For diagrams that do
not involve a A(1232) state we have the usual pNN vertex (2.29) and the ypNN

seagull vertex
B tegmn K,
2m

where €) is the polarisation of the incoming photon and the p(770) has spin index

V(vpNN) = TurE3abThs (5.83)
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p and isospin index a. For the vpp vertex corresponding to

Y(€x, @) + pua(p — 39) = pup(p+ 39) (5.84)

we use the form in Lee and Yang [55],

V(')'PP) = 653ab[2pz\guv — Pugur — Pvgur + (Kp + %)(Q;Agw\ - qugw\)]’ (5'85)

where k,, the anomalous magnetic moment of the p(770), is probably about 1.

Expanding in powers of m™!

, we need to go to O(m™?) to obtain the lowest
order non-zero magnetic dipole operator. The important contributions at O(m™2)
come from the p(770) current and seagull diagrams shown in Figure 5 (f) and (g)
respectively, and the p(770) pair current. Since K, is so large, we need only consider

the part proportional to (1 + K,)2. The contributions to H; and Hj; are

H; = F,[(m,x — 1)Yo(myz) + K,(3mpzY1(m,z) — Yo(m,z))],
Hy = F,k,m,zY(m,z), ' (5.86)
where

2
_ Gonn Mp
’ 4r 2m

1+ K,)?, (5.87)

which agrees with Riska [56] if we set k, = 0. Note that the individual values of
g2 /47 and K, have no effect on deuteron photodisintegration other than through

their combination F,.

Vector meson exchange with a A(1232) intermediate is represented by figure
5 (h). As in simple one pion exchange (subsection 5.2.2) the analogous diagram
where the photon is absorbed second makes no contribution when the initial state
has T' = 0. The form of the pNA vertex is simply that for the YNA vertex (5.62),
with the substitution fixa — f,na. The contribution calculated to leading order

by Jaus and Woolcock [7]

HI = 0
HII = 3FpAY'2(mpx), (5-88)

where

Foa

_ 4 fynafnag, m3(1+ K,) (1 _ qo(2m + ¢10))_1 : (5.89)

9 4m m2(Ma — m) M3} —m?
is correct for the special case = y = z = 0, despite the change of spin-% propaga-

tors between the calculations.
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We must also consider the effect of structure at the pNN, pNA and wNN vertices.
We have represented this with a monopole form factor A2/(A%Z — k?). This is the
form suggested for low momentum transfer in the extended vector meson dominance
model of Gari and Kriimpelmann [57]. It is the form considered appropriate for
use in conjunction with a large K,, such as the value of around 6 obtained by
Pietarinen (reported in section 9 of Dumbrajs et al [21]). In practice the results
of calculations by Jaus and Woolcock [7] were found to be almost independent of
Ay, which is why it is sufficient for our purposes to use a single value of Ay for all
three vertices.

For the ywn current this leads to the replacement

m3Yi(myz) — m3Yi(myz)
A\2/ 3Y
— ——A?, — mf,m" J(mrz)
_ AJ(AR —mi)
(A —m2)(A% —m2)
Ay (m} —m?)
(A7 — AZ)(AZ —ml)
AJ(AZ — m2)(mi — mZ)
(AT —m2)(A2 — AZ)(AZ — m2)

where ¢ = 0 or 2. The modification for p exchange is entirely analogous to (5.48),

m‘Z’,Yi(mwa:)

+

A3Yi(Ayz)

AVYi(Ave), (5.90)
with the replacements (A2 — m2) — AZ and Ay — Ay.

5.3 Selected Expressions for Multipole
Amplitudes

In this section we give expressions for the most important terms in the electric

and magnetic multipole amplitudes (sm,| E® |my) and (sm,| M™ |my).

5.3.1 Internal Convection

The internal convection contribution to the electric multipole amplitudes is
obtained by adding together the terms known as E{", which we obtain from (5.16),
and EY”, which is obtained from (5.9). We first make the definitions

. VM? + ¢+ 1q
Fqo) = L

2m

: (5.91)
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d\ .
gL(%q0$) = (1 + IIJ‘(E) ]L(%%x)

. L .
=]L(%QO$) + oL + 1(%‘]0-75).71,.1(%‘103")

L+1
2L+1(2‘10 )JL+1( z), (5.92)

and z, = m,z.

Then

(00| E®(int.conv.) |~1) =0,
(1,(mq + 1)] E®(int.conv.) |mg) = 2—%/0 dz I (x), (5.93)

where

14(e) = U (&) () — F& (@)
(6L —1) ., 2L +1
W {8 D pen o) - L roeo
2L 6(L + 2
b ) - D R o)),

L . 2L +1 L+2
() = U (a) {z—_—lFs;” )+ Hr ) - T F (o)

+Wa) { - S o) - 2 ) o)
212L +1) . 2L(L +2) pas
_mFL(,n)(m) - (L + 1)(2L + 3) 1(,11 )(CL‘)
S D ez}, (5.94)
where
UM (2) = F(g0)9u(3902)u(z) - JL(zqox)wtt( z),
W®(z) = F(go)gu(Lqoz) () —%‘JL(?}M)*’W’ (), (5.95)
and
_ |agM
b=z, (5.96)

The deuteron wave function is defined in terms of v and @ in (4.72). The definition

of the continuum wave functions and of the radial functions F©)

lsmg

in terms of the

quantities in Partovi [37] is given in appendix B of Jaus and Woolcock [42].
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5.3.2 Relativistic Correction

For the relativistic correciion it is not difficult to give expressions for general L

to leading order (O(m~?)). We define the symbols

" {nalJodd
k() =

Kv, L even

v, L odd
@“:{” (5.97)

Ks, L even

In the remainder of this section we shall not show explicitly the radial dependence
of the various functions. Then the electric multipole amplitudes for the relativistic

correction to the impulse approximation are

(00| E®(RC; O(m™%)) |-1)

ML+ 1) foo
= &‘—é:(lo—mzi—)/o dz z7%(zu’ — u + 220’ + 40) g, F2) (5.98)
and
pe
(L, (my + 1)] EV(RC; O(m=2)) |ma) = 2q b [Cdsama, (5.99)

where the functions I™ are defined by

L) _ (L) (L1 (L) rp(L-1 (L L+1 (L) r(L+41
IR =~-HPFED + HPFE) + HOFSY — HP FEH)

(L-2)10 (L+2)109
L-1 L+2
I& = HVFED, + __H(L)F((f)'f)) +7 i lH(L)F((II,),ﬁ)
+HPFGE, + HPOFE), (5.100)
using
6(L—1)(L+1), _ .
g = - DEED g, 4 31w,
L-2 . BL(L+1
HY = (L+1){($u'—U)gL éL—l) i, 2wg'*+_§(z_'—)"wh}
(L) _ ;o B (L+3) g 6L(L+1) _ .
Hj —L{(wu u)g 2033 ° 2% Gt g Wi
6L(L+2), .
H¥Ev7%;32( ‘g0 — 3(L + 1)dbjy),
w  20+1 , L 3
Hy —————L(L ey {(zv' — u — 420" — 2W)g, — 6L(L + 1)j.} . (5.101)

The magnetic amplitudes for the relativistic correction are
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(L) roo
i:r:2 / dz z 7' (zu' — u + 220’ + 40)
0

(00| M‘”(RC- O(m'2)) |—1) =
xgu{—(L + 1) F&8, + LESS, (5.102)

and

mgq?

(L)
(1,(mq + 1) MM (RC; O(m™?)) |myg) = ’3’{ / de ™t I (5.103)
where the functions I™ are defined by

I(L)_H(L)F(L) + H(L)F(L)

(L-1)10 (L+1)10
1
I(L) — H(L)F(L) . ____HL F (L)
L R 28w+
(L) p(L-1 (L) pr(L+1
"Hs F((L.l))u + H F((L+1))11a (5.104)

using

H{L):_(L"i' 1) (fL‘u'—u-}- Q(L—Q)xﬁ)’—2ﬁ))

L+1
H(L):L(xu’—u+ A ;_3) — 2w )
H{" = (L= 1)[fL 1) (zu' — u — dzw’ — 2W)
HO = £(_L£+112_) (o0 — u — 4o’ — 25). (5.105)

For the amplitudes of O(m™2) included in the calculation, which derive from
magnetic moment coupling, we have
(10| E®(RC; m.m., O(m™3%)) |-1)
Bry [*, 5. " -~
= 8m‘;/0 dz z72j; (zu’ — u + 220’ + 49)(2FS) + F2),

(11 E®(RC; m.m., O(m~2%)) |0)

= O ety — w20+ 4)IFD + F), (5108

and
(00 MP(RC mam, O(m~)) -1 = ez [“dea™I(@),  (s.100)

where

I(z) = (zv' — u — 4z’ — 80)(2F) — FD)gy

000 200

+2(z’u" — 2zu’ + 2u — 420" — 4z’ + 160)(Foy + F2)j1.  (5.108)

000 200
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5.3.3 One Pion Exchange Without a A(1232)

Intermediate

To leading order, the amplitudes E{") which arise from the 17E mismatch cor-

rection are (quoting equation (4.14) from Jaus et al [34])

(00] E{”(17E; O(m?)) [-1) =0

(L, (ma + 1)] B2(15E; O(m)) [ma) = % | 42 9.Gao2) (), (5.109)

where mq = 0, —1 and the functions J{) are obtained from the functions I} by

making the replacements
UV (z) - U(z), WP (z)—> W(z), (5.110)

where U(z) and W (z) are defined in (5.59). Note that because of the factor exp(31q-
x) — exp(—31q - &) appearing in (5.49) and (5.53) the amplitudes EM(17E; O(m?))
are nonzero only for L odd.

In leading order there is also a 17E contribution to the electric dipole amplitudes
arising from the part of j(1xE) quadratic in g, by means of the electric dipole
operator

D = }iqo V(% 3 (q0, 452, Vi) __ (5.111)

=0"
The electric dipole is expressed in terms of the functions defined in equation (4.7)

of Jaus and Woolcock [42]; correcting the expression for G;; we have

f??NN q0 1,2
GII = _‘——'—(1 + ﬁmﬂ-)YO(xﬂ')7

4r 6m,
:NN qo Y.
Gul—— A 24m"$7r O(mw)
G,y = Iz L2y, (z,) (5.112)
4 2m, ™ 7
where
Yo(t)=t"te ™,
Yi(t)=(1+17")Yo(t),
Yo(t) = (14 3t7" + 3t72)Yo(¢). (5.113)

Continuing to follow Jaus and Woolcock [42], functions ®; are defined in terms

of the functions G; by
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®, = zu/(Gix + 2Gxi) + w(Gu — Gix — 2Gxi)
+21' (8Gx + £Gyi — Gxu + 6Gxav + 6Gxv)
+0(6Gy; + 8Grw — 2Gy — 2Gix — 6Gx
+2Gy + 2Gxm + 12Gxy — 6Gxv),
P = 2u'(Gxav + Gxv) + u(Gir — Gxav — Gxv)
42w (3Gxu — Gxiv — Gxv)
+6(—Gu + 3Gy + 3G — 3Gx — 3Gxm — 2Gxv + Gxv),
&,y = zu/(Gx + 2Gx1) + u(Gw — Gx — 3Gx1)
+20' (Gix — 2Gx — 2Gx1 — 2Gxy)
+@(Gn — G — 2Gy — 3Gix + 4Gx — $Gyxi + 6Gxu + 2Gxu),
®y = zu/(Gxy) + u(Gy — Gxn) + 20’ (— Gy + 3Gxv + 3Gxv)
+w(3Gy; — Gy — 9Gx — 2Gxy + 3Gxm + 6Gxiy — 3Gxy ),
By = (u + 20) Gy (5.114)

then the electric dipole amplitudes are obtained from the functions ®; by

(00| EO(17E) |-1) = BID(FQ); —6Dyx)
(10| EO(1E) |-1) = B [ID(FD; 4(®, — 6y, — 48y, — 4,))
FIOFE: 3=+ 300 — 200)) + IO(FD; - 280)]

(11| ED(7E) 0) = 8 [IM(FS); & + 40y + 28y — 28)
HIO(FD; -0, + 2y, — 20,) + IO(FD; 20,)] (5.115)

where
IO(FD, ;0) = [ dw s FY, (poz)0 (). (5.116)
0

The contribution to the amplitudes E{ at O(m™!) is obtained in a similar
manner, using equations (5.114), (5.115), (5.113) and (5.116). Equation (5.112) is
replaced by equation (4.3) of Jaus and Woolcock [42] with the terms in Gy and Gyy
proportional to go removed, that is

2

oy M 1
Gu= X _ﬁ%(xﬂ‘),

" 47 4m
2wmal 1
Gm_ 4NNR§3:—"Y1($W)
: m, 1lm
=W T - TV (2,
G == i Tm124m 2%
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sy mx Vi (24)

Givi = ir 4m Ty
G, = 73NN Yz)(w") _1_)/1(:1"7")

T 4x 4m x2 3 z. |’
G _ wNNﬁlYi(mﬂ')

X dr 4m3 =z,

2« M Yi(zr)

__ JmwNN "7 ™

G = T T 2 (5.117)

The magnetic dipole and quadrupole amplitudes are obtained from the 17E

contributions to the magnetic dipole moment operator (defined in (5.61))

2
1
M (17E;z) = i(71 X 72); Z;N%-

X [Yo(zr)ior X 03 — 2, Y1(2)i(0) X O3+ & — 01 - Loy X &)] (5.118)

and magnetic quadrupole moment operator

2 .
. Zen L
N(17E; &) = ¢(T1 X T2); 4;“ ymog

X [YE)(J),,) {0’1 X Oy, + 01,07 X (B-l-(O'l X w)20’2+0'1(0'2 X Zl)z}

+z,.Y1(zx) {(o1 X o2 - &+ 01 - o2 X &)2

+((o1 X @),02- & + 01 - &(02 X £),)2}] (5.119)

respectively. Following Jaus et al [34] they are
2

203
(1) —1) — JoNN O
(00| MV (17E) |-1) 4r 3m.

X [TO(FQ; (~3Y0 + 22, Y3 u + 42, 11)
+IO(F@; —z,uYs +2(3Y0 — 2,Y1)B)] ,

2
2) 1) = Son B0
(10] MO (1E) |-1) = Lzx P

x [IO(F2; (5Y0 + 2.Y:)u + 8(2Ys + 2,Y1))
+HIW(FE; (—4z,.Y2)u + 2(3Y0 — 2,.11)3)]

2
) _ faw B
(11 MO(1E) o) = Lzx L
X [I(l)(

F); =3 (5Y0 + zxYi)u + 6(=Yo + 2 Y1) )

ID(FD;1(8Yy + 2,.Y1)u + 4(2Yo + 2,Y1))

IO(F®; 42, Yiu + 2(—Yo + 1, Y3)b)
(

IO(FS); 82, Yiu + 16(—Yo — 22, Y1))] (5.120)
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and

(10| MW |=1) = (11| M@ |0) = (00| M? |-1) = 0. (5.121)

Note that we have corrected a printing error in Jaus et al [34] by making the

replacement 6mm — 6mm, in the amplitude (00| M®) |~1).

5.3.4 One Pion Exchange With a A(1232) Intermediate

The EP) amplitudes for one pion exchange with a A(1232) intermediate are
derived from the electric dipole operator D defined in (5.111). To leading order,

they are given by the single function

Yi(zx
Gm = _2‘]0 FA(b‘}'c)ﬁ—))

™ mﬂ'

(5.122)
with all the other functions G; zero. The step from the functions G; to the electric
dipole amplitudes is identical to the simple one pion exchange case.

The magnetic dipole and quadrupole amplitudes arising from one pion exchange
with a A(1232) intermediate are obtained from the A(1232) contribution to the

magnetic dipole and quadrupole moment operators. These are given in equations

(4.11) and (4.13) of Jaus and Woolcock [42] as

M(8i0i2) = (1= 72,22 ({50, — o)~ Viger)(on o) - 33

w Tx
—b{?y—l(ﬁﬁza’l X 09 —-YQ(:U,‘-)'L'(O'l X :&0_2 -z — 0 '(i!Uz X é)}}
Ty

F
N(Ajqoz) = (11 — 72),—

™
X la:,r(a'l + 0'2) - TLz

3~aY1($1r)
z

{(er + 02)z+ (01 + 02).2}

™
—%bn(x“){(al X (i!O'Q :i?+0'1 '530’2 X 53)2

((0’1 X :i:)za'z-:i:+a'1-:i:(0'2 x:&)z)w}l (5.123)

respectively. Correcting an error in appendix D of Jaus and Woolcock [42], the

magnetic dipole and quadrupole amplitudes are

(00] MO(A) 1) = Faoro- [I0(F; ~(a + 20)u¥s +4(a — byive i)

+ID(FD; (—a + buYs + 2d(=3(a + 2)27'Ys + (20 + b))
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Bao
10m,

[I(”(F(’) 2u(—5az;'Y; + (2a — b)Y3) + 8d(—az;'Y; + (a — 2b)Y3))

1107

+HID(F@;4(a + 2b)uY; + 46(3az;'Ys + (20 + b)Y2))]

(10| M®)(A) |-1) Fa

@(A = F Bqo
(11] MP(A) [0) = Fagg -

[TO(FQ; u(—5az7'Y1 + (20 + 3b)Y) + 4ib(2a2; Y1 + (a — 3D)Y3))
+IM(F@;u(=5az;'Y; + (2a — b)Y)) + 40(—az;'Y; + (a — 20)13))
+IW(FD; —1((a + 2b)uY, + B(3az;'Y; + (2a + b)Y3)

311)

+ID(FL; 18 ((a — b)uYs + 2b(—3az;'Y: + (a + 2b)Y2)))] - (5.124)

There are also amplitudes Egl) which derive from the terms in j(A) quadratic

in g. Using (5.111), (5.114) and (5.115) these are given in terms of the functions

Gu = Gy = —F, 63:; (:I:,r)
q0 (xr)
Gy = Fp-20 N1 (5.125)
4dm, Tn

where Fj is defined in (5.76), and the other functions G; are zero.
For one pion exchange at O(m™!), we consider only the amplitudes Egl). Re-

moving a term from equation (4.4) of Jaus and Woolcock [42] we have

G- raZeay1i) i)
Z, T
Yi(z, Yo(z,
GIII—'FA [ li ) 2i2 )]
le = FAmW ldysia:W)
GXI—FA_bE(fW)
T
™ Y ™
GXII—FA—T)Z— @
T,
ki Y ™
GXIII—FAT— Z(f)
Ta
7|' Y ™
Gy = Fa™2 (b +¢) ‘ij )
Yo (2
Gy = Fare 23(; ), (5.126)
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where
Ya(t) = Yo(2)(1 + 67" + 15t7% + 15¢72). (5.127)

Then the electric dipole amplitudes can be obtained from these via (5.114) and
(5.115).

5.3.5 Vector Meson Exchange

For vector meson exchange the only important contributions are to the magnetic
dipole amplitudes. These may be obtained from the functions H; and H;, defined
in (5.81), (5.86) and (5.88) using

Wi B
(00} m® -1y = 2.

x [1O(FQs 3Hu — 4Hyd) + TO(FS; Huu — 2(3H + Hy))] . (5.128)
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(a) (b) (e)

B

(d) (e

(g)

Figure 5: Irreducible diagrams included in this model which contribute to the

A4

®

(h)

electromagnetic current density. (a) impulse approximation, (b) pion current (c)
pion exchange seagull diagram, (d) pion exchange with a A(1232) intermediate, (e)
mixed ywr current, (f) p(770) current, (g) p(770) seagull diagram, (h) pA current.

87



Chapter 6

Comparison With Experiment

6.1 Fitting Procedure

In this chapter we describe the results of fitting the model described in chapter
5 to experimental data. We attempt to fit all the more recent data (roughly, post
1970) up to a laboratory photon energy of 200 MeV.

In order to extend the calculation past 200 MeV, we would be forced to operate
in the region where the A(1232) resonance dominates. This would require us to
include more terms in our multipole expansion, and the finite width of the A(1232)
resonance, which we have neglected, would become more important. Also, whatever
energy-dependent nucleon-nucleon potential we used would become less reliable.
We have chosen to limit ourselves to obtaining the best fit we can to the data up
to 200 MeV, using only a small number of adjustable parameters.

We have also chosen not to employ any formal fitting procedure, such as min-
imising the 2 statistic described in section 3.1. This was partly due to the difficulty
of assigning uncertainties to the variety of data we are attempting to fit. Also, we
will see later that certain combinations of parameters are very poorly determined,
so a naive minimisation of the x? statistic would be tend to settle on unrealistic
values for these combinations. Instead, a heuristic procedure was used, which fitted
to subsets of the available data to fix those combinations of parameters which could
be determined with reasonable precision. In the course of this procedure, which we
describe below, it was found that of the nucleon-nucleon potentials we tested, only
with the Bonn 2 did parameter vectors exist which gave reasonable fits to all the
data.

We have chosen to attempt fits using the Bonn 2, Paris 3 and Moscow 4 po-

tentials, though as we shall see only with the Bonn potential do we find it possible
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to obtain a reasonable fit. In the case of the Bonn potential several slightly dif-
fering versions are available. We have used the coordinate space described as B
in Table A.3, appendix A.3 of reference [2], and the coordinate space wave func-
tions described as A. Henceforth we shall refer to the combination as just the Bonn
potential. This is slightly inconsistent, since the wave functions have not actually
been obtained from the nucleon-nucleon potential we are using. However we can
reasonably expect the error in this procedure to be small, and Jaus [58] has shown

that this is indeed the case.

The Moscow potential consists of a central potential for 'Sy and central and
tensor potentials for 3S;-3D;, from which the deuteron wave functions and the
continuum 'Sy and 3S;-3D; wave functions are generated. The central potentials
have a deep attractive core which introduces a node at =~ 0.6 fm into the S-wave
functions. The other wave functions must be generated from a standard potential

(we used the Bonn potential [2]).

The model was implemented in Fortran on DECStation 5000 and IBM RISC-
6000 workstations. This was achieved by modifying a program by Jaus [59] which
implemented the model described in Jaus and Woolcock [7] on an IBM mainframe.
The appropriate changes were made to reflect the change in Fortran dialect and
the corrections and improvements made to that model in evolving this one. The
Bonn and Moscow potential potentials were also implemented in Fortran and the

program modified to be able to use them.

For photons with a laboratory photon energy between 20 and 110 MeV, the
forward and backward cross-sections are dominated by the 17E mismatch correc-
tion contribution to the E{* amplitudes, discussed in subsection 5.2.2. The other
contributions which contain tunable parameters have almost no effect on ¢(0°) and
o(180°) in this energy range. Since this is the energy range covered by the new
very accurate measurements of the Gent-Mainz [60] group, we can use these data

to constrain the 17E parameters f2 /47 and Ay.

We have therefore looked for values of the ordered pair (f2,, /47, Ay) for which
the theoretical predictions fit the experimental data on o(0°). Both experiment
and theory show a maximum in ¢(0°) near a laboratory photon energy of 35 MeV,
followed by a smooth monotonic decrease to a minimum near 200 MeV. The Gent-
Mainz data determine the decrease o(0°; maximum) — ¢(0°; 100MeV) to be 1.36 +

0.13 ub/sr.
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With the Paris potential [3] it is possible to obtain a value for this quantity as
high as 1.12 ub/sr by adopting f2,,/47 = 0.075 and Ay = 1300 MeV. This is too
low but perhaps acceptable. The 17E mismatch correction has an effect on the
decrease in 0(0°) close to that produced by an ad hoc modification of the T =1
Paris potential, which incorporates the difference between the charged and neutral
pion masses. Inspection of Table 1 of Jaus and Woolcock [43] shows that the ad hoc
modification reduces the decrease from 1.60 to 1.38 pb/sr. The further reduction
to 1.12 pb/sr is the result of using the modified current conservation scheme to
calculate the impulse approximation contribution. Thus the failure of the Paris
potential to fit the data can be traced to the correct use of current conservation
and the correct inclusion of the charged pion mass in j(17E) in calculating the 17E

mismatch correction.

When calculations are performed using the Moscow potential [4] we find that
the decrease ¢(0°; maximum) —o(0°; 100MeV) is approximately 0.8 ub/sr and quite
insensitive to changes in f2,,/47 and Ay. It is therefore impossible to fit the low
energy forward cross-section data using the Moscow potential.

When using the Bonn potential [2] the decrease in ¢(0°) hovers around 1.35
pb/sr for a range of reasonable choices of (f2,/4m,Ay). Values close to (0.080,
1300 MeV), (0.079, 1600 MeV) or (0.078, 2000 MeV) give good fits to the Gent-
Mainz data.

The next step is to choose a value for (f2,,/47, Ay) which satisfies the large
body of data for o, below 75 MeV. Increasing f2,,/47 and decreasing Ay increases
the magnitude of the change in ¢(0°), but at the same time decreases o,. We find
that the only value which satisfies the Gent-Mainz data using the Paris potential
leads to a total cross-section which is unacceptably small for laboratory photon
energies below 75 MeV. We are forced to conclude that the parameterised Paris

potential is unable to fit the deuteron photodisintegration cross-section data.

A good fit to the total cross-section data below 75 MeV can be obtained by
using the Bonn potential with f2 /47 = 0.0785 and Ay = 1700 MeV. As with
the forward and backward cross-section data the other parameters ga, Aa and F,
have a very small effect on the total cross-sectionin this energy region. The forward
and total cross-section data thus provide a quite clean determination of the 17E
parameters when using the Bonn potential. Using the values of the parameters

given above, the Bonn potential provides a good fit to the forward and backward
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cross-sections up to 110 MeV and to the total cross-section, differential cross-section
and y-asymmetry up to 75 MeV.

In this way we see that our model of deuteron photodisintegration is indeed able
to distinguish between various nucleon-nucleon potentials, as we originally hoped.
In what follows we abandon the Paris and Moscow potentials and perform the
remainder of the fits using the Bonn potential.

In order to fix the A(1232) and vector meson exchange parameters we fit to ex-
perimental data at higher energies. This consists of measurements of ¢(0°), o(180°)
and o, at Frascati [61], of do(6)/d) at Indiana [62], TRIUMF [63, 64], Glasgow-
Mainz [52], Bonn [65], Frascati [66], and MIT [67], of A{"(6) at TRIUMF [63, 64]
and of ¥(6) at Tomsk [68] and Khar’kov [69]. The only significant effect of the
A(1232) and vector meson contributions is via the M) amplitudes with a singlet
final state. There already exists a large contribution to this amplitude from 17E in
leading order, and this is increased by the A(1232) contribution and decreased by
vector meson exchange. Thus increasing ga, increasing Aa and decreasing F), all
have similar effects. Although the energy dependence produced by a change in one
of the parameters does vary between them somewhat, in practice the experimental
data is not sufficient to separate them, and any ordered triple (ga,Aa, F,) within
a fairly large range gives an almost equally acceptable fit.

For the calculations we display in section 6.2 we adopt the parameter vector

2

<IN —0.0785,
4
Ay =1700MeV,
ga =0.63,
AA = IIOOMGV,
F,=2.03. (6.1)

The final equation in (6.1) could be interpreted as

2

9onn
= =0.55
Am ’
I{p = 2.0, (6.2)

however deuteron photodisintegration is not capable of distinguishing these pa-
rameters and in any case none of the last three parameter values in (6.1) has any

particular significance on its own. The value of K, suggested in (6.2) is much
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smaller than the value of 6.1 obtained by Hohler and Pietarinen [70], however it is
more consistent with values obtained from pion-nucleon scattering in chapter 3 or
by Pearce and Jennings [30].

The values of Ay and, less seriously, Aa are substantially higher than is suggested
by several other pieces of evidence. It is possible that the large value of Ay was
forced upon us by the even larger value Ay = 2000MeV contained within the Bonn

potential.

6.2 Results for Various Observables

The model through which we obtain theoretical predictions for the observables
we wish to fit is given in chapter 5. The observables which we are interested in are
the centre of mass differential cross-section do(8)/d?, particularly for the special
cases of forward (¢(0°)) and backward (¢(180°)) scattering, the total cross-section
0., the y-asymmetry () and the neutron analysing power A(y")(G). As usual, the
angle 6 is measured between the incoming photon and outgoing proton in the centre

of mass frame.

6.2.1 Forward Cross-Section

A comparison of experimental and theoretical results for o(0°) is shown in Table
2. As discussed in section 6.1 there is a distinct maximum at a laboratory photon
energy of about 35 MeV, followed by a smooth decline to the limits of the data we
have chosen to fit. There is also a deep minimum at 10 MeV; this is due to the
interference of the rapidly increasing E(") amplitude with the rapidly decreasing
M® amplitude.

Since the data for o(0°) was used in fixing the 17E parameters, it is not too
surprising that the model fits it well. The accurate Gent-Mainz [60] data is very
well fitted, except at 59.8 MeV. Their older data [74] is uniformly lower. In the
region of the deep minimum near 10 MeV we have considerable difficulty in fitting
the data of De Graeve et al [T1, 72]; there is little freedom to adjust the theoretical
results by varying parameters.

At laboratory photon energies above 100 MeV the most important data is that
from Frascati [61]. The trend of the theoretical and experimental results is rather

different. Theory lies above experiment up to about 143 MeV, and below it for
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higher energies. The theoretical results have a minimum near 200 MeV, regardless
of the value of the parameters, whereas the experimental results show a minimum
near 150 MeV. However, considering the sparsity and imprecision of data points this
cannot be considered to indicate a defect in the model. We conclude that the model

fits the forward cross-section fairly well, for a range of values of (fZ, /47, Ay).

6.2.2 Backward Cross-Section

A comparison of experimental and theoretical results for the backward cross-
section is shown in Table 3 . By contrast with the forward cross-section, the
backward cross-section is not used to determine the parameters f2,,/47 and Ay.
It is therefore impressive that the model is able to fit these data so well. At higher
energies the model does a very good job of fitting to the data from Frascati [61].
We conclude that the model fits the backward cross-section very well for a range of
values of the parameters. |

There are several experimental results which appear to be in error. In particular
the three values of Althoff et al [78] are too high and the single value of Dupont et
al [76] has ¢(180°)>0(0°), in contradiction to theory and all the other experimental
data.

6.2.3 Total Cross-Section

A comparison of theoretical and experimental results for the total cross-section
is given in Table 4 . All of the experimental data are direct measurements, with
the exception of the Debevec et al [87] data, which were obtained by integrating
a very detailed measurement of the differential cross-section. Unfortunately, there
are no measurements of o, between 75 and 200 MeV. If accurate measurements of
o, are possible in this energy range they would be extremely valuable.

The variation of o, with energy is almost completely determined by the im-
pulse approximation, and therefore by the potential. Varying parameters of the fit
causes a uniform increase or decrease in the total cross-section without substantially
affecting its energy variation.

We find that there does exist a choice of (f2,y/47, Ay) for which the theoretical

results are a reasonable fit to the experimental ones up to about 75 MeV. The

theoretical predictions are uniformly below the Bernabei et al [81] data, however
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there would be a good fit if the Bernabei et al data were reduced by 3%, which is well
within the stated systematic error of 5-6%. The total cross-section in the vicinity of
30 MeV is approximately 4.6% lower than was the case in Jaus and Woolcock [43];
this is reflected (see subsection 6.2.4) in a lower value of the differential cross-section
at this energy.

We found it impossible to simultaneously fit the result at 40.3 MeV and the
results at 21.5 and 32.6 MeV, all from Wauters et al [86]; the data set is internally
inconsistent. The Debevec et al [87] data suggest that the total cross-section should
decline more rapidly from 64 to 70 MeV than the theoretical results suggest (by
16.1 £ 2.4 ub rather than by 11.8 ub). Otherwise the model fits the experimental

data well.

6.2.4 Differential Cross-Section

In the energy range 3.5 to 18 MeV, Stephenson et al [88] have measured the

ratios
B o'*b (@)
- olab (900)

Here O is the angle between the incoming photon and the outgoing neutron in the

R(O) . (6.3)

laboratory frame, and ™" is the differetial cross-section measured in the laboratory
frame. Stephenson et al measured this ratio for @ = 45°,135° and 155°.

An earlier calculation by Schmitt et al [89] found that a serious discrepancy
existed between theory and experiment. Hadjimichael et al [90] have speculated on
possible missing effects, however deuteron photodisintegration at these energies is
very well understood and there is no theoretical basis for any significant modifica-
tion of the model. It is well known that the theoretical results for these ratios are
almost independent of the potential. Our results are almost identical to those of
Schmitt et al, and hence are also inconsistent with the results of Stephenson et al.

In the energy range 20 to 40 MeV, our results are very similar to and uniformly
lower than those shown in Jaus and Woolcock [43]. The slight reduction improves
the agreement with the experimental data.

At 66.9 MeV we have the very detailed experiment of Debevec et al [87], which
largely supersedes older data in this energy range. The differential cross-section
was measured at intervals of 3° between 22.5° and 160.5°. A comparison of the

theoretical and experimental curves is shown in Figure 6. It can be seen that the
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agreement is quite good. There is one obviously anomalous experimental result,
and the theoretical curve is consistently below the experimental results for forward
scattering and above it for backward scattering. However, for the special cases of
forward and backward scattering we know that our results are consistent with those
of the Gent-Mainz [60] group. It therefore appears that unknown systematic errors

are affecting the measurement near § = 0° and 6 = 180°.

We conclude that for laboratory photon energies up to 75 MeV deuteron pho-
todisintegration is well-understood. The body of recent (post 1970) data in this
region is quite large, and mostly internally consistent. Above 75 MeV the situation
is less clear. All the data on do(8)/dS2 between 80 and 200 MeV have been published
since 1984. A detailed comparison of this data with our results is given in Figures
6 through 13. Inspection of these figures shows that the experimental data contain
numerous internal inconsistencies, and it is obviously impossible to fit all the data
satisfactorily. We consider that the theoretical model and parameter vector used to
generate Figures 6 through 13 to be a reasonably successful compromise attempt

to fit these data.

Since the MIT [67] and Frascati [61, 66] data were used to determine the high
energy parameters ga, Aa and F), it is not surprising that our model provides a
good fit to those experimental results. There is good agreement over the entire
energy range, although it is impossible to draw any smooth curve with a reasonable

x? through the data points.
At 80 and 100 MeV most of the Frascati and MIT data points lie below the

theoretical curves, while at 200 MeV most of them lie above the theoretical curve,
particularly at backward angles. Between these energies (except perhaps at 140
MeV) agreement tends to be good. The obvious methods of correcting the trend
of the theoretical curves are to either increase ga or Aa (increasing the A(1232)
contribution to the M1 amplitude, see section 6.1), or to decrease F, (decreasing
the vector meson exchange contribution to M(®). Either method would improve
the fit to the differential cross-section data at the expense of the forward and total
cross-section data. Fundamentally the decline in the croés-section from 80 to 200
MeV mirrors an underlying decrease in the impulse approximation contribution,
which is fixed once a potential is chosen. As we remarked in section 6.1, we expect
our nucleon-nucleon potentials to become less reliable near the top of our energy

range.
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The remainder of the experimental data differ from each other and from the
Frascati and MIT data to a distressing extent, considering that these are all recent
experiments performed by experienced groups. The Indiana [62] data are in good
agreement near forward scattering but fail to follow the strong rise as one moves
away from the forward direction. The TRIUMF [63, 64] data are clearly too low
at 100, 140 and 180 MeV, and the shape of the curve at 180 MeV is quite different.
The Glasgow-Mainz [52] data agrees well for angles greater than about 120° as well
as at the forward extreme of the measurement range, however the maximum at
about 65° is much lower than that for the Frascati results. The Bonn [65] data
are low compared with Frascati and MIT, but the shape is the same. Until the
concensus of the experimental results improves, it is impossible to draw more than

tentative conclusions from these fits.

6.2.5 Neutron Analysing Power

The polarisation of the outgoing neutron for deuteron photodisintegration is
the same as the neutron analysing power for the radiative capture of neutrons by
protons. Several measurements have been performed at low energies, and they are
compared with our theoretical predictions in Table 6.2.4. The theory agrees well
with experiment except at 5.23, 8.7, 11.1 and 13.5 MeV. These points are also
obviously inconsistent with the remainder of the data, so the model is fitting the
experimental results as well as possible. These results do nothing to dispel the con-
clusion that deuteron photodisintegration up to about 75 MeV is well understood.

At higher energies we have the measurements of TRIUMF near 100 and 140
MeV[63] and at 187.3 MeV[64]. Our results at 100 MeV differ little from those of
Jaus and Woolcock [43], and agreement between theory and experiment remains
excellent. At 140 MeV the agreement is considerably improved over that of Jaus
and Woolcock, as shown in Figure 14. Although the curve is still consistently too
low, it does not become negative near the backward direction, as did that of Jaus
and Woolcock. This is due to the much larger strength in this work of the A(1232)
contribution to the M) amplitudes with a singlet final state.

At 187.3 MeV the situation is similar and if anything slightly improved. The
shape of the theoretical curve is very similar to that at 140 MeV and the agreement
is somewhat better. The curve still lies somewhat below the experimental points,

except possibly at the forward limit of measurement.
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Neither meson exchange nor the details of the potential has much effect on the
shape of the theoretical curve at these last two energies. We conclude that our
model is providing a reasonable fit to the neutron analysing power over our energy
range, and that the neutron analysing power is a poor probe of either potentials or

meson-exchange effects.

6.2.6 ~y-Asymmetry

Fairly complete angular distributions of the y-asymmetry ¥(6) are available
at 30 and 60 MeV, and fits to them are shown in Figures 5 and 6 of Jaus and
Woolcock [43]. Our theoretical results at 30 MeV are almost identical to theirs. At
60 MeV our results are slightly and uniformly lower, which improves the agreement
with experiment. In addition there are data at various angles and at energies
from 10 to 90 MeV. To the extent that these data are internally consistent the
agreement is satisfactory. Again we find that up to a laboratory photon energy of 75
MeV our model has no difficulty fitting the results of deuteron photodisintegration
experiments.

At higher energies we have the results of only two groups to draw upon. The
Tomsk [68] data consist of only two data points at 100 MeV. Qur main source of
~-asymmetry measurements is a series of measurements at intervals of 20 MeV from
100 to 200 MeV.

By contrast with the behaviour of the neutron analysing power (see subsection
6.2.5) the y-asymmetry is strongly dependent on the MW amplitudes with a singlet
final state; again the potential has only a small effect. Since the A(1232) and vector
meson exchange contributions to this quantity are much larger in this model than in
Jaus and Woolcock [43], the y-asymmetry at these higher energies is dramatically
altered. A comparison of our results with the experimental data is shown in Figuies
16 and 17. Considering that the polarisation data were not used to fit any of the
parameters, the agreement between theory and experiment is very good. This is
extremely satisfying, and an immense improvement over the situation of Jaus and
Woolcock [7], who were quite unable to fit either the data of the Tomsk [68] group
at 100 MeV or that of the Khar’kov [69] group at 140 MeV. The only previous
calculation that gave a reasonable fit to ¥(f) in this energy range was that of
Wilhelm et al [93]. This calculation was conducted using the Paris potential [3],

however the choice of potential has no significant effect on X(6) compared with the
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effect of the A(1232) and p(770) parameters.

We note that our results for £(6) are if anything slightly too negative. This
acts as an additional disincentive to the method we discussed in subsection 6.2.4 for
improving our fit to the differential cross-section. We thus see that, even given the
limited experimental data set available, the y-asymmetry is acting as a very senitive
probe of the A(1232) and p(770) contributions to deuteron photodisintegration,
and hence of the overall couplings ga and F, and the cutoff parameter As. Further

measurements in this region would be of considerable value.

6.3 Conclusions

As described in section 6.1 and 6.2 a simple picture of deuteron photodisinte-
gration for laboratory photon energies up to 200 MeV has emerged. Up to about
75 MeV deuteron photodisintegration is dominated by the impulse approximation
and leading order 17E, including the 17E mismatch correction discussed in section
5.1. It is not possible to fit experimental results without using the 17E mismatch
correction.

Of the three potentials with which we performed fits, only the Bonn potential
[2] allowed us to make a satisfactory fit to the forward and total cross-section in
this energy range. Neither the Paris potential {3] nor the Moscow potential [4] were
able to fit the recent Gent-Mainz [60] data on the forward cross-section between 20
and 100 MeV. Low energy deuteron photodisintegration has thus shown itself to
be a sensitive probe of nucleon-nucleon potentials.

At higher energies the contributions of 17E with a A(1232) intermediate and
of 1pE to the M) amplitudes with a singlet final state become important. The
other meson exchange processes are of little importance compared with these major
effects, which are now well understood. Any errors or omissions in the lesser effects
will probably tend to be absorbed by small changes in the parameters affecting the
principal contributions, so deuteron photodisintegration at these energies cannot
be used to examine such processes.

We found it impossible to separate the effects of changes in the three parameters
ga, Aa and F,. This is only partly due to the limitations of the experimental data
available in the 80 to 200 MeV region. In this energy region the effect of changing

any one of these parameters can be approximately duplicated by an appropriate
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change to either of the others. The examination of deuteron photodisintegration at

these energies is therefore a poor method for determining these parameters.

Several of the experimental observables have their underlying trend determined
largely by the potential, and therefore act as tests of a nucleon-nucleon potential.
Modification of the the meson exchange parameters is insufficient to allow us to fit

the forward cross-section, for instance, using the Paris or Moscow potentials.

The Bonn potential was able to provide a reasonable fit to both the forward
and total cross-section up to 75 MeV, however between 64 and 70 MeV there is a
significant difference between the trends of our model and the result of Debevec et
al [87]. Unless the measurements of Debevec et al are becoming unreliable at this
upper end of their energy range, this suggests the Bonn potential [2] is beginning to
fail for the higher energies we consider. Similarly our model suggests a noticeably
sharper decrease in the differential cross-section between 100 and 200 MeV than
do the experimental data [61-67, 87]: our curves are above the data at 80-100
MeV and below it at 180-200 MeV. It is possible that the experimental data are
now becoming accurate enough to test the more subtle features of nucleon-nucleon
potentials. Accurate measurements of the total cross-section between 80 and 200

MeV would be extremely valuable.

It is important to note that deuteron photodisintegration at these energies un-
derdetermines our model. Even after fitting to all the available experimental data
our model retains considerable flexibility in two degrees of freedom, since only one
combination of the parameters ga, Aa and F, can be considered to be determined.
Thus our results for these parameters are of very limited significance. Effectively,
we are describing the entirety of the modern deuteron photodisintegration data
with only three tunable degrees of freedom, which makes the general success of the

model quite impressive.

The 17E parameters f2,, /4 and Ay, however, are well determined. The large
value Ay = 1700 MeV is a cause for concern, although it may be the result of our
fit trying to match the value Ay = 2000 MeV in the Bonn CSB potential. This
might be tested by inserting alternative potentials into our model. A more serious
worry is the very large size of the 17E mismatch correction. This indicates that
the parameters needed to fit deuteron photodisintegration are very different from
those in the Bonn potential. The particular version of the Bonn coordinate space

potential which we used contains a very large 17E part, which is compensated for
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by a very large 1pE part. Both these contributions are substantially stronger than
are needed to model deuteron photodisintegration. The size of the 17E mismatch
indicates that the Bonn CSB potential cannot be considered an entirely satisfactory
nucleon-nucleon potential. Other forms of the Bonn potential, with smaller 17E
parts, do exist, and could be tested.

The model we have described provides a rather good global fit to the entire
body of recent data, but is conceptually simple and contains only a few tunable
parameters. We have shown that deuteron photodisintegration at low energies can
be used as a quite harsh test of nucleon-nucleon potentials. Stronger conclusions
might be drawn if more measurements were available in the energy range from 80
to 200 MeV, particularly for the total cross-section and for the y-asymmetry. The
A(1232) and vector meson exchange parameters are not easily fully determined by
deuteron photodisintegration, which is therefore unsuitable for measuring them. We
consider that this model represents a breakthrough in our theoretical understanding

of deuteron photodisintegration.
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Laboratory Photon | Reference Experimental Theoretical
Energy (MeV) a(0°)(ub/sr) a(0°)(ub/sr)

7.17 [71] 6.14 (34) 5.59
8.49 [71] 5.48 (53) 5.11
9.98 [72] 5.38 (20) 4.92
10.74 (73] 4.70 (85) 4.89
14.71 [72] 6.11 (29) 5.07
22.7 (60] 5.63 (14) 5.60
24.5 [74] 5.17 (28) 5.67
28.1 [60] 5.71 (10) 5.78
31.7 [60] 5.83 (6) 5.84
32.8 (75] 4.72 (31) 5.85
33.0 [74] 5.66 (28) 5.85
38.2 [76] 5.10 (71) 5.85
40.5 [60] 5.75 (11) 5.83
43.0 [74] 4.81 (21) 5.80
48.9 [60] 5.55 (13) 5.69
59.8 [60] 5.15 9) 5.42
64.0 (60] 5.44 (11) 5.30
68.3 [60] 5.09 (13) 5.19
74.2 [60] 5.07 (12) 5.03
78.5 [74] 4.43 (27) 4.92
79.5 [60] 5.15 (13) 4.89
85.7 [60] 482  (11) 4.74
93.1 [60] 4.61 (11) 4.57
99.1 [60] 4.47 (11) 4.44
100 [61] 4.06 (44) 4.42
104.5 [74] 4.15 (19) 4.33
106.1 [60] 4.33 (13) 4.30
109 [61] 3.84 (43) 4.25
118 [61] 3.93 (32) 4.09
124 (74] 3.72 (16) 4.00
130 [61] 3.63 (27) 3.92
143 [61] 3.53 (23) 3.78
159 [61] 4.00 (30) 3.65
175 [61] 3.96 (26) 3.58
191 [61] 4.63 (47) 3.57

Table 2: Experimental and theoretical results for the centre of mass differential

cross-section for forward deuteron photodisintegration.
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Laboratory Photon | Reference Experimental Theoretical
Energy (MeV) o(180°)(ub/sr) a(180°)(pb/sr)
12.04 [77) 445  (39) 4.10
14.64 [77] 4.05  (41) 4.08
32.8 [75] 3.93  (43) 4.22
33.9 [60] 4.28 (9) 4.21
38.2 [76] 6.20  (78) 4.17
40.1 [60] 3.8  (16) 4.15
43.2 [60] 410 (16) 4.10
48.5 [60] 378 (11) 4.00
52.6 [60] 374 (12) 3.93
58.5 60] 3.79 (10 3.81
64.8 [60] 361 (25) 3.68
75.8 [60] 320  (15) 3.46
83.0 [60] 338  (17) 3.32
90.0 [60] 3.09 9) 3.20
100.1 [60] 2.92 (14) 3.04
109.3 [60] 290  (17) 2.92
130 [61] 2.59 (16) 2.66
143 [61] 2.35 (13) 2.55
159 [61] 2.44  (16) 2.45
175 [61] 2.44 (17) 2.39
181 [78] 272 (6) 2.38
190 (78] 2.96 (5) 2.38
191 [61] 248  (33) 2.38
200 (78] 3.13 (6) 2.40

Table 3: Experimental and theoretical results for the centre of mass differential

cross-section for backward deuteron photodisintegration.
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Laboratory Photon | Reference Experimental Theoretical
Energy (MeV) o.(ub) a.(ub)
2.754 [79] 1456 (45) 1484
5.97 [80] 2162 (99) 2211
7.25 [80] 1882 (11) 1902
7.60 (80] 1803 (16) 1824
7.64 (80] 1810 (28) 1816
8.80 [80] 1586 (11) 1585
9.00 (80] 1570 (36) 1549
11.39 [80] 1257 (36) 1191
14.70 [81] 925 (20) 873
14.76 (82] 970 (55) 868
15.00 [83] 867 (27) 851
15.03 (84] 870 (26) 849
19.3 (81] 617 9) 610
20.0 (83] 585 (14) 581
20.8 [85] 582 (44) 551
21.5 (86] 550.3 (10.5) 526.6
23.4 (85] 511 (35) 469
25.0 [83] 428 (17) 427
25.9 [85] 385 (16) 407
28.5 [85] 367 (19) 356
28.9 (81] 361 (6) 349
31.0 [85] 306 (21) 316
32.6 (86] 307.0 (3.7) 294.2
33.5 [85] 264 (20) 283
38.2 [81] 249 (3) 236
38.6 [85] 234 (18) 232
40.3 (86] 215.8 (2.6) 218.5
47.5 [81] 177 (3) 174
57.5 [81] 139 (3) 135
64.0 (87] 122.3 (1.8) 117.9
65.8 [87] 117.7 (1.8) 114.0
67.8 (87] 112.5 (1.3) 110.1
70.0 (87] 106.2 (1.6) 106.1
74.0 [81] 97.6 (5.3) 99.6

Table 4: Experimental and theoretical results for the total cross-section for deuteron

photodisintegration.
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Figure 6: Unpolarised differential cross-section in the centre of mass frame for a

laboratory photon energy of 66.9 MeV. Experimental results are from Debevec et

al [87].
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Figure 7: Unpolarised differential cross-section in the centre of mass frame for
a laboratory photon energy of 80 and 120 MeV. Experimental results are from
Frascati [61, 66] (solid circles) and from MIT [67] (open triangles).
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Figure 8: Unpolarised differential cross-section in the centre of mass frame for
a laboratory photon energy of 100 MeV. Experimental results are from Frascati
[61, 66] (solid circles), TRIUMF [63] (open circles), MIT [67] (open triangles) and
Indiana [62] (solid squares).
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Figure 9: Unpolarised differential cross-section in the centre of mass frame for a
laboratory photon energy of 140 MeV. Experimental results are from Frascati [61,
66] (solid circles), TRIUMF [63] (open circles), Glasgow-Mainz [52] (solid triangles)
and MIT [67] (open triangles).
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Figure 10: Unpolarised differential cross-section in the centre of mass frame for a

laboratory photon energy of 150 MeV. Experimental results are from Frascati [61,

66] (solid circles) and Glasgow-Mainz [52] (solid triangles).
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Figure 11: Unpolarised differential cross-section in the centre of mass frame for a

laboratory photon energy of 160 MeV. Experimental results are from Frascati [61,

66] (solid circles) and MIT [67] (open triangles).
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Figure 12: Unpolarised differential cross-section in the centre of mass frame for a
laboratory photon energy of 180 MeV. Experimental results are from Frascati [61,

66] (solid circles), TRIUMF [64] (open circles) and MIT [67] (open triangles).
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Figure 13: Unpolarised differential cross-section in the centre of mass frame for a
laboratory photon energy of 200 MeV. Experimental results are from Frascati [61,

66] (solid circles), Bonn [65] (open circles) and MIT [67] (open triangles).
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Laboratory Photon Angle | Reference Experimental | Theoretical
Energy (MeV) (°) A!(,")(O) Ag")(H)
5.23 86.8 [91] 0.068 (27) 0.121
5.85 87.1 [92] 0.105 (22) 0.112
7.0 87.0 [92] 0.096 (7) 0.103
7.6 86.9 [92] 0.104 (10) 0.101
8.7 86.8 [92] 0.061 (10) 0.099
8.94 85.2 [91] 0.095 (27) 0.099
11.1 86.5 [92] 0.051 (19) 0.097
13.15 86.3 [92] 0.072 (34) 0.096

Table 5: Experimental and theoretical results for the neutron polarisation A{™(f)

in low energy deuteron photodisintegration.
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Figure 14: Neutron analysing power Ag") at an equivalent laboratory photon energy

of 140 MeV. Experimental results are from TRIUMF [63].
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Figure 15: Neutron analysing power Ag,") at an equivalent laboratory photon energy

of 187.3 MeV. Experimental results are from TRIUMF [64].
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Figure 16: v-asymmetry ¥(6) at laboratory photon energies of 100, 120 and 140
MeV. Experimental results are from Tomsk [68] (open circles) and Khar’kov [69)

(closed circles).
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Figure 17: v-asymmetry ¥(6) at laboratory photon energies of 160, 180 and 200
MeV. Experimental results are from Khar’kov [69].
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