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The importance of developing reaction theories for investigating N* physics is illus-
trated in an analysis of pion photoproduction on the nucleon. It is shown that the
~fN •<->• A transition amplitudes predicted by the constituent quark model are in agree-
ment with the values extracted from the 'yN —> irN data only when the contributions
from the reaction mechanisms calculated using a dynamical approach are taken into
account in the analysis.

1 Introduction

It is customary to test a hadron model by comparing its predictions of N* excita-
tions with the masses and decay widths listed in The Review of Particle Properties1.
In this contribution, I would like to show that this is not a reliable procedure. The
amplitude analyses are very useful for organizing the data, but are not sufficient for
getting information which can be directly compared with the predictions from cur-
rent hadron models. This statement perhaps sounds radical to the hadron physics
community, but is understandable to most nuclear physicists. To illustrate my point,
I would like to share with you a paragraph taken from Feshbach's book on theoretical
nuclear physics2:

"Much of the present-day understanding of nuclear structure, particularly the
properties of low-lying states, has been gained from the study of nuclear reactions,
particularly the single-step direct type. For this purpose it is necessary to understand
the dynamics of nuclear reaction, while at the same time methods must be developed
that permit the extraction of nuclear structure information. These two objectives
are inextricably involved.''

If we replace "nuclear" by "hadronic" in the above paragraph, it is valid advice
to the hadron physics community. To test hadron models or to understand the QCD
dynamics of hadron structure, we need to develop appropriate reaction theories to
interpret the forthcoming data from the Thomas Jefferson Laboratory and other new
experimental facilities.

In this talk, I would like to present an approach to constructing a reaction theory
for investigating the iV* excitations in TTIV and 7;V reactions. I will use our recent
results3 to explain how the 7iV -» A transition is determined from our reaction
calculations and how it can be compared with the predictions from the current hadron
structure calculations.
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The question we want to address is: how can the cross sections of TTN and 7./V
reactions be related to the N* parameters predicted by various hadron structure
calculations ? To proceed, it is necessary to make some general and tractable as-
sumptions which are consistent with our current understanding of hadron structure.
This step of course introduces model-dependence, but it is not avoidable in any the-
oretical analysis. While a model — independent analysis of the data is prefered by all
of us, it does not exist in practice. The use of polynominal functions to parameterize
the background terms is a model assumption in the empirical amplitude analyses4'5'6.
The analyses based on the dispersion-relation approach 7>8 also involve assumptions
in choosing the subtraction terms and the asymptotic behaviors of the amplitudes.

The reaction theory we have been developing in the past few years is based on
the assumption that a hadron is made of a quark core and a meson cloud. This
rather general assumption is consistent with most of the current QCD-inspired hadron
models. It implies that a hadron wavefunction has mesonic components in a Fock-
space expansion. In considering the jN —>• itN reaction, we then expect that the cross
section is due to the coherent sum of two different amplitudes. The first occurs when
the incident photon excites either the virtual meson or the quark core of the hadron.
It leads to an excited state, called the bare N* state, which then decays into a irN
state. The matrix element of this direct two-step process 7JV —>• N* —> irN is what can
be predicted by the structure calculations based on the current hadron models. The
second mechanism is that an on—shell pion is produced either directly from the quark
core or from the knockout of a virtual pion in the nucleon. The produced on-shell
pion is then rescattered by the nucleon on the way to the experimental detector. For
example, it can interact with the nucleon by the exchange of vector mesons. This is
the contribution from reaction mechanisms and is not related directly to the hadron
structure calculation. Clearly, if we want to extract the direct 7.V —>• A* —> TI\V
amplitude from the data to test hadron models, we need to know how to calculate
the amplitude due to reaction mechanisms.

The starting point of our approach is a hadron structure calculation which predicts
the masses of the excited states of the nucleon. In practice, this calculation can be
done accurately only in the absence of the coupling with the decay channels. These
masses are therefore called bare masses which do not correspond to the resonance po-
sitions determined in empirical amplitude analyses. We then introduce the couplings
of these bare states with the meson and photon fields by defining a Lagrangian in
which each bare state is represented by a field operator. The form of the Lagrangian
is constrainted by various observed symmetries such as Lorentz invariance, isospin
conservation, chiral symmetry, and gauge invariance. Our next task is to find a way
to predict the irN and •yN reactions from this Lagrangian. This is obviously very dif-
ficult since it is a field theory problem which can not be solved exactly. It is necessary
to introduce approximations to get a workable reaction model.

Here we depart from the previous approaches based on either the three-dimensional



reduction of Bethe-Salpeter Equation9'10 or the truncation of the perturbation expan-
sion of the S-matrix by imposing unitary conditions11. Our approach is to first use
the usual canonical quantization to get a Hamiltonian from the assumed Lagrangian.
At this stage, we regularize the Hamiltonian by including form factors to account for
the finite size of the assumed quark core. These form factors can be either taken from
the same hadron structure calculation or treated phenomenologically, depending on
the sophistication of the employed hadron model. The next step is to decompose the
Hamiltonian into two parts. The first part describes the processes, such as A —$• TTN,
which can take place in free-space. The second part contains virtual processes, such
as N —> TTN, which can not take place in free space because it can not conserve both
energy and momentum of the system. The procedure is then to perform a unitary
transformation on the Hamiltonian to eliminate the virtual processes. We then get an
effective Hamiltonian which only describes physical processes. The effects of virtual
processes are absorbed in the effective interactions between the considered reaction
channels. The details can be found in Ref.3. This appraoch is very similar to the
familiar Foldy-Wouthuysen transformation in deducing a fermion Hamiltonian from
field theory to describe interactions only in terms of the large component of the Dirac
wavefunction.

In our actual construction for TT/V" and 7JV reactions up to the A excitation re-
gion, we consider a Lagrangian for N, A, 7r, p,u and 7 fields. The reaction model is
constructed by appling the unitary transformation up to second order in coupling
constants. The resulting effective Hamiltonian can be written as:

where the two-body interactions va$ are defined by the meson-exchange mechanisms,
and the vertex interactions A —> irN^N are identified with those predicted from
hadron structure calculations.

Because of the absence of the nucleon mass renormalization problem, it is straight-
forward to derive from Eq.(l) the scattering amplitudes for wN —>• TT/V and jN —>• TTJV

reactions. The essential step is to apply the standard projection operator technique
of nuclear reaction theory 2. The resulting scattering amplitude can be cast into the
following form

= taJI(E) + ?*-.*(E)GA(E)r^(,(E). (2)

The first term is the nonresonant amplitude determined only by the two-body poten-
tial

(3)



with

(5)

where P^N is the projection operator for the irN subspace. The second term of Eq.
(2) is the resonant term determined by the dressed A propagator and the dressed
vertex functions. They are defined by

G^E) = ~F--~j^, (6)

and

(7)

(8)

where PA is the orojection operator for the A state, and the A self-energy is defined
by

(9)
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Fig.l The predicted vN phase shifts are compared with the data4'7.
In the work of Ref.3, we did not rely on a hadron structure calculation. Therefore

the bare mass of the A and form factors of the effective Hamiltonian are treated
phenomenologically. Our first task was to determine the parameters of the hadronic



part of the effective Hamiltonian Eq.(l) by fitting the TTN phase shifts4-7. Our results
are displayed in Fig. 1. We see that within the uncertainties of the phase shift data
the model can give a good account of all s- and p-wave partial waves except the P i 3

channel at TL > 120 MeV. It is possible to improve the fit to P i 3 by weakening the
p-exchange or the A-exchange. But this change will destroy the good fits to all other
partial waves. Fortunately, the TTJV scattering effect due to the P13 channel is weak
in determining the pion photoproduction cross sections. The fits shown in Fig.l are
sufficient for the investigation of the A excitation. The resulting bare mass of the A
is 1299.5 MeV which is considerably higher than the resonance position 1236 MeV of
the itN cross section data.

We now turn to presenting our results of pion photoproduction. With the vertices
associated with TV and p mesons determined by the irN scattering, the effective Hamil-
tonian Eq.(l) still has unknown parameters associated with vector meson-exchange
and the 'jN <->• A vertex. The photon-meson coupling constants g^ and gwvy can be
determined from the partial decay widths listed by the Particle Data Group l. For the
u meson, we assume that the tensor coupling KWJV.V = 0 and the u;NN form factor is
identical to the pNN form factor. The coupling constant g^NN is not well determined
in the literature. W'e will treat it as a free parameter, although the quark model value
<7w.v.v = (3<7p/v.v)/2 seems to be a reasonable guess. Thus, our investigation of pion
photoproduction has three adjustable parameters: G.V/ and GE of the bare A -H- jN
vertex, and the coupling constant 5WJv,v of u; exchange.

90=

Fig.2 The calculated Ft, = da\/da_ of ~<p —> TT°P is compared with the data13.



Since the ^-exchange mechanism does not produce charged pions directly (only
through TriV charge exchange), the ranges of guNN, GM and GE can be most sensitively
determined by considering the data of TT° photoproduction. In the region considered
where \GE/GM\ < 0.1 and gwNN < 15, we have found that the magnitudes of the
IT differential cross sections depend mainly on GM. The values of guNN and GE can
be narrowed down by considering spin observables. In this work, we make use of the
recent LEGS 13 d t f h

of the 7 p -> TT°P

y g p observables. In th
recent LEGS 13 data of photon-asymmetry ratios R^ = da^/dax of the 7 p > TTP

reaction. We have found that the slope of &,(£) at a fixed pion angle is sensitive
to the value of gwNN. This is illustrated in the upper half of Fig. 2 for the case of
GM = 1.85 and GE = 0.025. A smaller gwN>, yields a steeper slope. The data clearly
favor guNN ~ 10.5. In the lower half of Fig. 2, we see that the magnitude, not the
slope, of It, is significantly changed by varying the value of GE from -0.1 to +0.1.
The data are consistent with -0.025 < GE < 0.025, while GE = +0.025 seems to
give a better fit. Results similar to Fig. 2 can be obtained by using a higher value
GM = 1.95. In this case, a smaller value of gwNN = 7 is needed to maintain the same
fit to the magnitude of the differential cross section as well as the slope of R^. But
the best value of GE to reproduce the magnitude of R-, is -0.025 instead of +0.025
for the gwNx = 10.5 case. In fact, we have observed a strong correlation between the
allowed values of GM and gu)NN. In all cases, the allowed value of GE is consistent
with -0.025 < GE < +0.025. To determine the precise value of REXI = ^-, which
measures the deformation of the A, we clearly need to pin down the u mesoncoupling
constant
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Fig.3 The predicted M1+ and Ex- amplitudes of 7iV -> irN in the / = 3/2 channel
are compared with the empirical values of Refs.5-12.



We now focus on the theoretical interpretations of the A -H- 71V vertex. The values
of GM and GE determined above characterize the bare A *-» 7iV vertex which can only
be identified with hadron structure calculations with no coupling with the TTJV or other
hadronic reaction channels. One possible interpretation is to compare the determined
GM and GE with the predictions of the most well-developed constituent quark model
u.15,16 i<0 expire this possibility, it is necessary to first discuss the quantities in our
model which can be compared with the results from empirical amplitude analyses5'12.
For investigating the A mechanism, we need to only consider the 7N -*• TTN multipole
amplitudes Mi+ and Ei+ with a P33 final irN state, and the dressed vertex function
tyNtA. The predicted amplitudes M1+ and E\+ are compared in Fig. 18 with the
results from the empirical amplitude analyses Ref. 5'12. We see in the upper part
of Fig. 3 that the predicted M\+ amplitudes are in good agreement with empirical
values. In the lower half, we show that both the 2?i+ amplitudes calculated from
using GE = +0.025 (solid curves) and GE — -0.025 (dotted curves) are within the
uncertainties of the amplitude analyses. This is consistent with our analysis using
LEGS data, as seen in the lower part of Fig. 2. The uncertainties of the empirical
values of the E\+ amplitude are due to the lack of complete data of spin observables.
More experimental efforts are clearly needed to pin down the value of GE which is
needed to test models of hadron structure.
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Fig.4 The Mt- and Et* of the dressed vertex f\V-.A and the bare vertex F7 ;V-.A are
compared.

The dressed A <-* ~/N vertex, defined by Eq. (8), is a complex number. By making the
usual partial-wave decomposition, its magnetic Ml and electric E2 components can
be written as T(a) - jF(a)|ei<*<Ql) with a - M^.E^. The predicted dressed vertex



Table 1: Helicity amplitudes of the A -» 7JV transition at W = 1236 MeV are
compared with the values from Particle Data Group (PDG) [1] and the predictions
of constituent auark models of Refs.flo,16I. The amplitudes are in unit of 10"3

(GeV)"1/2.
A PDG Dressed Bare Ref. [16] Ref. [15]
AZ/2 -257 ± 8 -228 -153 -157 -186
Al/2 -141 ± 5 -118 -84 -91 -108

functions T(Q) are the solid curves in Fig. 4. We see that their magnitudes |r(a)|
are very different from the corresponding values(dotted curves) of the bare A <-> 7JV
vertex. The differences are due to the very large contribution of the nonresonant reac-
tion mechanism described by the second term of Eq. (8). Our results indicate that an
accurate reaction theory calculation of the nonresonant pion photoproduction mecha-
nisms is needed to determine the bare A «-> 7.1Y vertex from the pion photoproduction
data. This requires a dynamical treatment of the nonresonant pion photoproduction
mechanisms, as we have done in this work. Within the meson-exchange formulation
presented in this work, the determined G\i and GE of the bare A «-» 7;Y vertex can
be compared with the predictions from a hadron structure calculation which does not
include the coupling with the irN "reaction"' channel (both pion and nucleon are on
their mass-shell).

To compare our results with the values listed by the Particle Data Group (PDG)
1, we calculate the helicity amplitudes. The results at the resonance energy W = 1236
MeV are listed in Table I. The predictions from two constituent quark models10'16 are
also listed for comparision. We notice that our bare values are close to the constituent
quark model predictions15'16, and the dressed values are close to the values of PDG1.
This suggest that the long-standing discrepancy between the constituent quark model
predictions and the PDG values is due to the aonresonant meson-exchange production
mechanisms which must be calculated from a dynamical approach. Similar consid-
erations must be taken in comparing the PDG values with the predictions of higher
mass A'* resonances from hadron structure calculations.

In summary, we have developed a unitary transformation method to derive from a
model Lagrangian with ;V, A, it and p, u.\ and 7 Selds a reaction theory for describing
the A excitation in the TT.V and 7;V reactions. The determined bare 7:V -» A
transition amplitudes are in good agreement with the predictions 0^ the constituent
quark model. It is shown that differences with values listed by the Particle Data Group
are due to reaction mechnisms which can not be separated from hadron structure in
the empirical amplitude analyses. The unitary transformation method developed here
can be extended to higher energy regions for investigating higher mass A"* resonances.
To proceed, we need to perform the unitary transformation up to second order in the
coupling constants to account for the 2TT production channels. The resulting scattering



equations will be defined in a larger coupled channel space N* © TTN © 71V © TTTT.V.

This research program can be carried out in practice since the numerical methods for
solving such Faddeev-type coupled-channel equations (because of the presence of the
three-body TTTTN unitary cut) have been well developed.
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