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I+ Introduction

The photoproduction of pions has many features which are energy independent for
incident photon energies greater than 3 GeV. For example, in charged pion photo-

production

+
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ssz/dt is constant at fixed t for 0 < =t < | GeV®; there is a forward spike
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Similar energy independent features are also observed in forward scattering
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and in general there appear to be three distinct regions of ~ t distinguished

by the shape and slope of do/dt.
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Attention has often been drawn to the aparently dominant role of pion exchange
in region (i) (Refs.1,2); and indeed the data 1s in agreement with the contri-
butions from either the electric Born approximation or, the full Born approxima-—
tion. However, away from this extreme forward dirzction, the data is in marked
disagreement with the Born appreoximation, and other ceontributions must become

important in the region (ii).

In an earlier paper (Ref.3), we have pointed out how a quark impulse approxima-—
tion (Fig.la) with the usual electromagnetic couplings of the gquarks leads tc

an almost quantitative agreement with the observed wt i experimental ratios

in region (ii). Of course, this impulse model alome is not sufficient to provide

an explanation for the data. We have first to show that




1) the Born approximation dominates in region (i)

2) there exists some mechanism which will damp the Born terms at
t increases

3) the contributions of the crossed graph (Fig.lb), which lead to

charge ratios the inverse of Fig.la, are suppressed.

A partial answer to the above points was provided by a fixed-dispersion relatic
calculation (Ref.4), using knowledge of the low energy photoproduction amplituc
(up to 1900 MeV) provided by Walker's analysis. The u-channel resonances
correspond to the contributions of the crossed graphs (Fig.lb) and are distant
from the physical region (ii) at high energy. Their contribution to the
imaginary parts of the photoproduction amplitudes should therefore be zero.
However, there is no a priori reason that the distant n-channel (and distant
s—channel) resonances should not, via the dispersion relations, give large
confributions to the real part. The above calculation showed that there was a
strong cancellation between the Born terms and the contributions of the low-—
energy s— und u-channel resonances to the real parts. Furthefmore the calcula-
tion indecated that this unidirectional cancellation obtained in the region

2 < -t < .8 GeV2 whereas the resonance contributions, aside from the A{1236),

were small compared to the Born terms in the extreme forward direction.

It is the purpose of this paper to try to extend the analysis in a model
dependent fashion beyond the third resonance region, and to investigate the
mechanisms governing this striking cancellation between the contributions of
the low- and medium-energy resonances and the Born terms in the dispersion

relations, should this continue.

The model we have chosen is the non-relativistic symmetric quark harmonic
oscillator medel. Calculations by Faiman and Hendry {(Refs.6,7) and by Copley,
Karl, and Obryk (Ref.8) show remarkable agreement between the harmonic

oscillator model and experimental values for the low energy helicity amplitudes

2. Calculation

Basically the imaginary part of the amplitude is takenr as given by Fig.la,
summed over all intermediate excited states. The lowest states, that is the
nucleon and A in the 56 n = = 0+ representation, must be treated differently,

since they have all three quarks spatially unexcited, and the impulse approxi-



mation does not apply. The nucleon is inserted through the Born terms (Fig.2),
and the A is taken from Walker's analysis. The non-relativistic limits of the
hamiltonians relevant to the s-channel Born term specify the sign of the
couplings of the quark amplitudes. The strong and electromagnetic decay widths
of the A specify their magnitudes. The higher resonances, considered as excited

three~quark states, appear in a zero-width approximation.

The individual members of the 70 n = & = 17 and 56 n=4g = 2" can be calculated
straight-forwardly using the wave~functions and hamiltonians of Faiman and
Hendry (Ref.6).-.Their contribution via ReA to the cross section ddifdt is
shown in Fig.3, where it can be seen that they tend to cancel the (Born +A)

term in the region .3 < -t < .8.GeV2, confirming the earlier calculation.
However the amplitudes calculated for these representations do not show the
ratio @ /1 of 2:-1 of Refs.3 and 4, which were to produce a cross section
ratic of 4:1, in the region .2 < -t < .8 GeVz. In that model a sum over all
intermediate spatial states was set equal to one, so that a cross section ratio
could be obtained from the SU(6) part of the interaction. Here, however, following
Faiman and Hendry, we have excluded certain intermediate states, namely the
"spurious" ones, such as the 56 % = 17, whose wave-function is proportional to

a centre-of-mass oscillation, and is not an excitation of the ground state.
Indeed if one adds the contribution of the 56 2 = 1 tB the 70 ¢ = 1 one
recovers the 2:-] ratio for nf/w_. The reason that the original model included
"spurious" intermediate states is that the hamiltonian, proportional to

exp (QE(£(3)) where 5{3) is the position coordinate of the third quark, contains
a dependence on the centre—of-~mass coordinate R = /3 _1(51 tr, 53), and

thus produces spurious states,

We now wish to extend consideration to intermediate states belonging to higher
representations (¢ #x) of total energy (m+nw), where ‘@ 1is 70 or 56 and the
radial quantum k 1is defined by

n = (L + 2c) .

If 9 1is the angle between the photon and pion directions, the contribution of

a representation (g fx) to the imaginary part of an helicity amplitude is
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where ¢ 1s the quark-spin involved: HS the strong, and OE and SE the
orbital and spin parts, of the electromagnetic hamiltonians respectively; and
u= AN - A“, A= AN - AY . The states Y are the members of the representa-
tion (= fk). (56 4k) is spanned by the states XE,K 8, 3 and (70 k) by the

states XE . 8 and x? < 8y where Bsr By and g, are purely symmetric,
H

0
A-symmetric and p-symmetric spin unitary spin wavefunctions (see Ref.6). The

spatial wavefunctions are

m o m2 ‘ o]
gk = 0g g )0, ) ¢) | (®
’ 171 272
with
m = m + m,
=4+ 22
k = kl + k2

and ¢§ X (x) is an oscillator in the co-—ordinate X with radial guantum number
k, orbiéal momentum £, third component m. By allowing only the ground-state
oscillator in R, we have excluded all spurious states; in matrix elements this
is replaced by exp (iPR) and producesla §-function for conservation of momentum,
Strictly speaking the equation for 2 should be interpreted as a vector coupling
of &4’ and &2 to make f. However as we shall sum over all 2, we may use the
simpler scalar equatiom, which is equivalent to a (negligibly) different cut—off

(by the condition [m+nw]? < s), where w 1is the level spacing.

The representations o may be decomposed into submultiplets §

~J
o
|

= (4,8) + (2,10) + (2,8)

L
[o)]
I

(4,10) + 2,8)
On doing the algebra ome obtains

Ima, (82K =a(® s, d

L q L
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A u=1x 710

where a and b are independent of % and k, and for the 70
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where k and q are the photon and pion momenta in the C.M. frame;
g is the quark gyromagnetic ratio (which we take as 1); az is the spring

constant; and

2K+8
k 2 }
f = (_E_ZJ exp | - (k2+q )/60t2
240
K1 -1
CJl = (2] + 1/2) {T (K1+1) r (K]+,Q] + 3/2)}
] .
2K+ 2.2
_ AL }
ZDo = {1+ (-1 2
otherwise
Z —
RIK] = 1, 21 even
3, 21 odd
The values of Z are associated with the different nmormalisations 1/v 2

.k
171 ] .
and 1//6' of p-symmetric and A-symmetric states. ZOO corresponds to the

transition to the state symmetric in x, and r,. For the 56 the result is
similar. Each element in SI’SZ corresponds to a transition to one of the

states xi,k. The important peoint about these formulae is that the signs

of S] and S2 are independent of % and k; thus for a fixed submultiplet B,

the contributions of (B £ k) are all additive. This additivity leads to a
problem. If one allows radial excitations, one finds that the ReA obtained from
the dispersion relation completely swamps the Born term. We shall discuss this

problem in the next section. Here we shall restrict attention to levels with



n =14, k = 0 which we call principal resonances.

In Figures 4,5, 7 we show the varying total contribution as n increases of

the principal resonances to Re A (Al largely detrmines the photoproduction

1
cross—section at high energy). The contribution of the Borm and A (i.e. the

n = 0 representation) is given for comparison, Fig, 4 corresponds to the choice
of a Regge type mass formula, Fig., 5 to the insertion of the average observed
mass of the lower multiplets, and Fig. 7 to a straight Harmonic Oscillator mass

formula with u2 = 0,1]1. In this case

d2 (0) = - . — P' (cos®) sin®
lo ;RE:TY n

at () = P (coso)
oo = , (cos

Ignoring the pion mass, cos 0= I+t/2q2

2 2
- T~ m - (2m + nw)
4 2 (m+nw)
2mR
If nw > > m then q ~ nw/2.
d vl P! (1—22/2n2) sind
lo £ n ) 2
Z7 = =4t/
at L (1-z%/20%)
00 n

Then the relation (Ref. 9)

1 mo,. 2, 2, _
L — P (1-2%/2n") -Jm(Z)
n->ee a

leads us t form reminiscent of the optical model

= q q

HuA a(@)s, duljé(z) + b(B) S, d 3,
u=1x

so that all higher representations have the same angular dependence. Indeed

for some sufficiently high n we may expect the contributions of higher re-

presentations to be zero at some value of t. In fact one sees from Fig. 7



that this happens already by n = 2, at -t = .15 corresponding to the first zero
of JO(Z) at Z = 2.5. The effect sets in so quickly because even at low n, if

n w << m, then

q~nw

The mass spectrum of the prinqipal resdnances if mp = £. However Regge trajec—
tories suggest m, = V" % . We have therefore performed an ad hoc "Regge" calcu-
lation, replacing mp=m+now by mﬁ = m2 + 2 mnw (Fig. 4). The amplitude in the
forward direction is then reduced, leaving (Born + & ) free to give the experi-

mental forward cross—section.

3. Remarks

We now try to show that some of the above mentioned properties are present in
other models. We consider the spatial part of the electromagnetic hamiltonian
SE; this is associated with an incoming photon exp ( = ik .rj). We can expand

the exponential:

(o]

exp (-ik.r) = > i’ Y Gr (@) T (@)

V=0

™
Fir O v+1/2 (kT)

. m . . .
If we can assoclate a.'YR (%) with the intermediate resonance state y ~ that
is, if we adopt a composite model - comservation of angular momentum demands

that only the term v = ¢ in the above sum be included. Thus after the angular

integrations 7
ik . fe+1/2 o n 3/2 o
<y /e L/is=i"21 Sodrf (©r J (kr) £ (1)
73 0 2. K 2+1/2 00

»
¢

n . , . . . .
where fi K (r) is the spatial wavefunction associated with orbital angular mo-
¥
th .
mentum % and the n~ energy level. At the strong vertex, linear momentum conver-—
sation demands an outgoing pion exp ( + i.g.r). As before we get:
VA+1/2

4-x / P > = ("']..)2' 2w _‘/_T f: dr f;lK(r) r3

/2

< f / e% TQ+1/2(qr) fzo(r)

Thus the sign of the contribution to the amplitude, depending on the product of
these two, is always the same. A somewhat similar argument holds for O . The

only assumptions involved here are consgservation of linear and angular momentum,



and the use of a composite model for the intermediate state, so that the argu-

ment is very general.

The expression of the amplitude as a sum of transitions to states is, within

a shell model, perfectly general, and we may write formally

K.K
A= T b3 z A "z
) 2.8
levels n £+2K=n El+£2=2 172
K1+K2=g
K.K

where that A are all positive, because of the above argument. Now if we

L1432 _
allow all possible radial excitations, where will be a very rapid increase in
the number of terms in this series. If we write

A= I A" = : X AbeK

levels n levels n £+2¥=n

then the number of terms in A" is increased by a factor ~ n/6 if radial excita-
tions are included. Further, if we comsider the terms AQ’K for a fixed n then
it is reasonable to suppose that those terms with a low % will be enhanced over
those with large % , by the angular momentum barrier effect familiar from

elementary quantum mechanics; and the greater n, the greater this enhancement.

To improve this calculatiom, therefore, would require a shell-model potential
with a very strong bias against high excited states or at least .against highly
excited radial states. The use of a more complicated Hamiltonian (than the

exp {~ ik.r}) does not appear to help. Although the simple argument above does
not hold, for example, when one includes a pion recoil term as in Ref. 10, a
calculation has shown that the same problem arises there. I should be noted that
similar arguments to the above should obtain even for a "relétivistic" shell
model if the SU(6) part of the interaction can be treated separately from the

spatial part as in Ref. 10,

4, Conelusions

We have shown that the simple quark impulse model for pion photoproduction that
originally motivated this work is invalid, in that it obtained the charge ratio

2:-1 for the charged pion amplitudes by including spurious states. One could



re-interpret the model as impulse excitation of one of three valence quarks
surrounding a heavy core, but this gives rise to more SU(6) representations
than are yet seen, unless we assume that the valence-core picture is only wvalid

at high energies.

The failure of the straight forward harmonic oscillator model at high energies,
when radial states are included, 1s more serious. It seems that some states can
only be accomodated in radially excited SU(6) representations e.g. the P (1470).
(See Ref. 12 for details of others). On the other hand, this simple modex pre-—
dicts well signé and magnitudes of couplings in photoproduction at low energies
(Ref. 13). But it is too facile to blame this on the harmonic oscillator poten-—
tial, as section 3 shows; indeed the harmonic oscillator potential is merely
the only analytically soluble shell model that we have. It seems to us that the
(nonrelativistic) shell model itself is invalid at high energies; of course it
is already puzzling that the baryon resonances should behave like non-relati-

vistic three quark bound states at low energies.
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Figure Captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

I.

a) Quark model diagram for pion photoproduction with
s—channel excitation only.

b) Crossed diagram representing u-channel excitation only.

Feynmann diagrams of Born approximation amplitudes for

+
yN > N

The contribution to (s—m_z)2 do/dt arising from the real
parts of the high energy nt photoproduction amplitudes

as evaluated using dispersion relations. The various curves
represent the results as various resonances of the 70 &=1-

and 56 %=2+ representations are included in Im A,

The amplitude A, which determines the cross-—section for
+ . . . .
m photoproduction around the forward direction. Shown is
. . + . -
the contribution to ReA? ~ of the representations 2=(2nt+1)

and £=(2n)" with K 0, via dispersion relations. A "Regge"

type mass formula mﬁ = m2 + 2mnw was used.
As Fig. 4., with harmonic oscillator mass—formula Mp =W 1w +

e , + ..
Contribution to the cross—section of Born +A+ReA of Fig. 4.

As Fig. 5. but with uz = ,11.
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